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Five systems consisting of different sorbate-sorbent combinations were studied using 
experimental volumetric adsorption techniques. Multiple adsorption isotherms were measured at low 
temperatures and low pressures for all of the systems studied which included CO2 adsorption on single 
walled carbon nanotubes (CO2 – SWCNT), Ethane adsorption on closed carbon nanohorns (Ethane-cNH), 
Ar adsorption on open carbon nanohorns (Ar – oNH), CO2 adsorption on zeolitic imidazolate framework-
8 (CO2 – ZIF-8), and O2 adsorption on ZIF-8 (O2 – ZIF-8). Each of these systems offers a unique study of 
the relationship between the physical properties of the adsorbate and substrate and the effects of these 
properties on the thermodynamics and kinetics of adsorption. In addition to being of fundamental 
interest, the thermodynamics and kinetics of adsorption are important to understand for practical 
considerations in research fields such as gas storage and gas separation via adsorption processes, among 
other applications. 
CO2 – SWCNT is a system with a small linear molecular adsorbate with a permanent quadrupole 
moment adsorbing on a substrate with quasi-1D grooves and convex outer adsorption sites. Ethane-cNH 
is a system with a linear alkane adsorbing on a substrate with conical pores and convex outer adsorption 
sites. Ar – oNH is a system with a spherical atom sorbing in a substrate with two different groups of 
conical adsorption sites and both convex and concave surface sites. CO2 – ZIF-8 and O2 – ZIF-8 are both 
systems with small linear molecules sorbing in a flexible microporous scaffold-like substrate. 
ii 
 
Adsorption isotherms were analyzed to identify features corresponding to adsorbate-adsorbate 
and adsorbate-substrate interactions. Namely, the presence of substeps in the semi-logarithmic data 
were identified and interpreted to correspond to groups of adsorption sites of similar binding energy 
which likely depend on the morphology and/or structural flexibility of the substrates. All of the systems, 
with the exception of CO2 - SWCNTs, yielded at least some isotherms with substeps at pressures below 
that corresponding to saturation. Effective specific surface areas for all adsorbent-substrate 
combinations were calculated using the BET and Point-B methods for the sake of comparison. These 
surface area measurements are very dependent on the porosity and morphology of the substrate as 
well as the size and shape of the adsorbate atoms/molecules and therefore the values vary greatly 
between the different systems. The isosteric heat of adsorption was calculated using isotherms over the 
full range of temperatures for each system. A variant of the Clausius-Clapeyron equation was used for 
this purpose and the results were analyzed based on adsorbate-adsorbate and adsorbate-substrate 
interactions. Plateaus in the isosteric heat data for Ethane – cNH and Ar – oNH were related to the 
morphology of the substrates and properties of the adsorbate species. For CO2 – SWCNTs, the isosteric 
heat at all but the lowest coverages is below the latent heat of deposition. This is due to the quadrupole 
moment of CO2. For both of the studies of adsorption on ZIF-8, the isosteric heat contains peaks in the 
data which likely are the result of the flexibility of the ZIF-8 structure. The kinetics of adsorption (or, the 
rates at which the adsorption systems approach equilibrium) were analyzed as functions of isotherm 
temperature and coverage, vapor pressure, and fractional uptake point by point along individual 
isotherms using the linear driving force model. Certain trends in the kinetics of adsorption are consistent 
for all the systems studied and others vary depending on the specific adsorbate-substrate combination. 
As with the thermodynamic results, trends in the kinetics of adsorption are discussed in terms of the 
effects of adsorbate-adsorbate and adsorbate-substrate interactions. 
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CHAPTER 1  
ADSORPTION 
 
Adsorption is the exothermic process in which atoms or molecules from a vapor state adhere to 
the surface of a solid. The process can be thought of as a 1st order phase transition involving a type of 
latent heat which in many ways is similar to the vapor to bulk liquid or solid transition. Generally 
speaking, at low surface coverage, the adsorbing particles will form a quasi-2D film on the surface of the 
solid. The mixture of vapor and film is known as the adsorbate. The solid (assumed to be stable) in an 
adsorbing system is known as the adsorbent, or substrate. Given the similarities of the words adsorbate 
and adsorbent, the term substrate will typically be favored over the term adsorbent, in this dissertation.  
 
1.1 General Context 
Adsorption has practical and fundamental applications spanning the disciplines of physics, 
chemistry, and engineering. A couple of specific applications which rely on adsorption processes to a 
large extent include those concerning the topics of gas storage and gas mixture separation. 
Materials can be used as adsorbents for the purpose of capturing and storing gases. For 
instance, much research effort is being devoted to the adsorption of carbon dioxide [1] [2], methane [3], 
and molecular hydrogen [4]. Carbon dioxide is a greenhouse gas and contributes to global warming and 
the adsorption of CO2 is part of a larger research effort more broadly known as “Carbon Capture and 
Storage.” More information on CO2 adsorption/storage is discussed in section 5.1 of this dissertation as 
an introduction to the study of CO2 adsorption on HiPCo carbon nanotubes. Methane is the prominent 
component of natural gas which is a fuel source that might replace conventional fossil fuels such as 
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gasoline in certain applications. Currently, storage of methane/natural gas is achieved by compressing it 
and putting it in high pressure tanks in vapor form. That method is costly and sorption on/in a porous 
framework in principle could allow for storage of methane/natural gas in a way that is lower in pressure 
and cheaper. A few materials that have been studied for the purpose of methane storage include 
activated carbon, carbon nanotubes, various metal-organic frameworks, and MCM-41 [3]. Like methane 
storage, hydrogen storage via adsorption is related to the energy problem because hydrogen is a 
potential alternative to fossil fuels. Storage of hydrogen in sufficient quantities is an important 
requirement in hydrogen energy applications. The qualities that make hydrogen compelling as an energy 
carrier include its abundance (the most abundant element in the universe), its high energy density per 
unit mass, and the fact that it burns clean and only produces water as a by-product [4]. Though there 
are many hurdles to its successful application, hydrogen’s potential as an energy carrier continues to 
inspire much research interest. Materials that have been studied for the purpose of hydrogen 
sorption/storage include carbon nanotubes, fullerenes, graphene, mesoporous silica, MOFs, IRMOFs, 
COFs, and clathrates [4]. 
Adsorption can provide the basis for gas separation in air purification, and various processes in 
the petrochemical and chemical industries [5]. Pressure swing adsorption is a technique which might be 
used for separations as an alternative to cryogenic distillation in certain conditions [5]. An example of a 
system in which adsorption makes a viable alternative to distillation is the separation of ethane and 
ethene since those two chemical species are thermodynamically similar [6]. Materials that have been 
used for gas separation in industry and laboratory settings include activated carbons, carbon nanotubes, 
zeolites, and metal-organic frameworks (MOFs) [7]. MOFs are being studied as sorbents in the 
separation of xenon and krypton in radioactive nuclear waste [8].  
A few other applications for adsorption processes include molecular filtration systems and nano-
electronic devices [9], chemical sensing [10], molecular sieving [11], drug delivery [12] and catalysis [13]. 
3 
 
Adsorption studies such as those presented in this dissertation can help shed light upon the suitability of 
materials for various applications. The focus in this dissertation is on thermodynamics and kinetics of 
adsorption, and these two topics are presented together for each adsorbate-substrate combination in 
the experimental data chapters. It will be seen that these two topics are very inter-dependent which 
compels studying them together. This helps fills an apparent void in the scientific literature since there 
appears to be few studies which consider both the adsorption thermodynamics and kinetics together.  
 
1.2 Fundamental Interactions 
A distinction must be made between chemical adsorption and physical adsorption. In physical 
adsorption, no chemical bonds are formed between the adsorbate and the substrate. As a result, the 
electronic states of the adsorbate and substrate remain largely unaffected [14]. In chemical adsorption 
this is not the case, as strong bonds can form between adsorbate and substrate. A somewhat arbitrary 
distinction is that the adsorption binding energy (the energy needed to remove an adsorbed particle 
from the substrate) for a physically adsorbed particle is less than about 0.5 eV, and for chemical 
adsorption is greater than about 0.5 eV [15]. 
Owing to the zero-point motion of electrons, a neutral atom will possess instantaneous 
multipole moments. Two neutral atoms that are well separated will interact via these instantaneous 
moments and the fields they produce. The most important of these interactions are the induced dipole-
induced dipole moments which give rise to attractive forces known as London Dispersion Forces, which 
are a type of Van der Waals force. This attractive force will bring the two neutral particles together, until 
a short-range repulsion takes over. The short-range repulsion is a result of electronic wave overlap and 
the Pauli Exclusion Principle since electrons are fermions. Explaining this attraction and repulsion in 
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fundamental detail is a problem of quantum mechanics using first principles [14], and is beyond the 
scope of this dissertation. 
Sufficient understanding of the interaction between adsorbate and substrate can be attained 
from considering semi-empirical methods such as that of atom-atom sums. The potential energy can be 
written as [14] [16]: 
 𝑉൫൛𝑅ሬ⃑ ఈൟ൯ =  ෍ 𝜑ఈ,ఉ ቀ𝑅ሬ⃑ ఈ − 𝑅ሬ⃑௝ഁቁ
ఈ,௝ഁ
,  1.1 
 
where the adsorbate, with atomic components α, is interacting with a substrate, with atomic 
components β, at site jβ. The form of φα,β is assumed, and the most widely used form is given by the 
Lennard-Jones potential [14] [16]: 
 𝜑(𝑟) = 4𝜖 ൤ቀ
𝜎
𝑟
ቁ
ଵଶ
− ቀ
𝜎
𝑟
ቁ
଺
൨, 1.2 
 
where the constants ϵ and σ are related to the binding energy, and size of the adsorbate, respectively. 
Values for ϵ and σ can be determined from measurements of viscosity, thermal conductivity, and 
deviations from the ideal gas law (2nd virial coefficients) [17]. If the values of ϵ and σ are needed for the 
case of the interaction between two different molecular/atomic species, the geometric mean of ϵ and 
arithmetic mean of σ can be used [17]: 
 𝜖ଵଶ = ඥ𝜖ଵ𝜖ଶ ,   𝜎ଵଶ = 1 2ൗ (𝜎ଵ + 𝜎ଶ).  1.3 
 
The subscripts 1 and 2 in equation 1.3 refer to the two different molecular/atomic species that are 
interacting.  
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Although an exponential dependence would be more accurate [14], the positive term raised to 
the 12th power in equation 1.2 represents the short-range overlap repulsion. The negative term raised to 
the 6th power represents the longer range attractive London Dispersion force due to induced dipole-
induced dipole interactions. Induced dipole-induced quadrupole and induced quadrupole-induced 
quadrupole terms can also be included in the expression for φ(r), however those terms fall off much 
faster with increasing r and the induced dipole-induced dipole interaction dominates [17].  
The form for the Lennard Jones Potential shown in equation 1.2 describes an interaction 
between individual atoms/molecules. If the surface of the substrate is approximated as a uniform 
continuum (and as a result, the sum in equation 1.1 changes to an integral), the interaction between a 
gas atom and the surface becomes [16]:  
 
𝑢(𝑟) = 4𝜋𝜖𝑛௦ ቈቆ
𝜎ଵଶ
45𝑟ଽቇ
− ቆ
𝜎଺
6𝑟ଷቇ
቉. 1.4 
 
The atomic density of the solid surface is given by ns, and r is the distance between surface and the 
particle in the gas phase.  
A potential energy of the form given by equation 1.2 and 1.4 is shown in figure 1.1. The 
potential energy (red line) has a minimum at slightly greater than one atomic diameter (σo in the figure). 
The value for σo  = 21/6σ can be calculated mathematically by simply setting the derivative of φ(r) equal to 
0 and solving for σ [17]. At r values greater than the minimum, the potential energy results in an 
attractive force which approaches zero asymptotically as r increases. At r values less than the minimum, 
the slope of the potential curve is negative which corresponds to a repulsive force due to electron 
overlap. The depth, and r-value, of the potential minimum (ϵ), and the value at which the plot crosses 
the r-axis (σ) in the repulsive regime, will vary depending upon where the adatom sits horizontally above 
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the surface of the substrate. This is due to the variation of the potential with respect to horizontal 
displacements along the surface even though equation 1.4 assumes a continuum. A consequence of the 
atomic structure of the solid adsorbent is a corrugation of the potential felt by the adsorbing particles 
[14] [16]. 
 
 
Figure 1.1: General form of the potential energy as a function of distance described by equation 1.2. 
The adsorbate will tend to sit at the minimum of the well. 
 
Thus far, dispersion forces and close range repulsive forces have been described for neutral 
adsorbates and their interaction with neutral surfaces. In many systems, electrostatic fields from the 
substrate, and permanent adsorbate polarity, can have consequential effects [14]. Near an ionic surface, 
such as zeolites, there are strong electric fields and electric field gradients. Adsorbing molecules with 
permanent dipole, or quadrupole, moments can interact with these fields, or with other adsorbates. 
Even neutral atoms can become polarized in the vicinity of strong electric fields near an ionic surface. 
This can give rise to heats of adsorption on zeolites up to twice the heats of adsorption on the surface of 
neutral graphite [17]. 
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1.3 Monolayer Adsorption on Planar Substrates 
The Langmuir Isotherm is often used as a theoretical starting point for understanding monolayer 
film formation that follows from a gas being exposed to a clean planar substrate. It is a conceptually 
easy to understand model that can be derived using elementary methods of statistical mechanics and/or 
kinetic theory, following certain simplifying assumptions. Those assumptions are [18]:  
1. There are Ns identical adsorption sites. 
2. Each adsorption site contributes a binding energy of ϵo (ϵo is negative with respect to the 
potential energy of an adatom at an infinite separation). 
3. Adsorbed particles do not interact laterally with each other. 
4. There is only 1 adatom per adsorption site. 
Following these somewhat artificial assumptions, a statistical mechanical [19], or kinetic [18], derivation 
leads to an equation relating the pressure of the vapor phase to the coverage of adsorbed atoms on the 
substrate. This equation can be written as: 
 
𝑃 =  ൤
2𝜋𝑚
ℎଶ ൨
ଷ
ଶൗ
(𝑘𝑇)ହ ଶൗ ൤
𝑥௥
1 − 𝑥௥
൨ 𝑒ቀ
ିఢ೚
௞்ൗ ቁ 
 
1.5 
where P is the pressure of the vapor phase, m is the mass of the adsorbing atom, h is Planck’s constant, 
k is Boltzmann’s constant, T is the isotherm temperature, and xr is the ratio of the number of adsorbed 
particles to the total number of sites at one monolayer. The coverage dependent term (in brackets 
containing xr) is the part that is actually known as the Langmuir Isotherm. A plot of xr vs. P will show that 
P diverges as xr approaches unity, as can be seen in the figure below.  
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Figure 1.2: The general form of the theoretical Langmuir isotherm where xr is the ratio of the number 
of adsorbed particles to the total number of sites at one monolayer. 
 
Though the assumptions followed for the derivation of the Langmuir isotherm are somewhat 
artificial, insight can be gained by studying equation 1.5 and figure 1.2. For instance, the lowest 
coverages and pressures in figure 1.2 indicate an almost linear relationship known as Henry’s law. 
Henry’s law can be stated as the following equation [15], 
 𝑃 =  𝑘ு ൬
𝑁௙
𝐴
൰. 1.6 
where kH is a constant which depends on the adsorption potential, and (Nf/A) is the 2D density of 
adsorbed particles on the surface.  In this linear, low coverage regime, the most important interactions 
are between the surface and the adsorbate [19]. The pressure at higher coverages begins to diverge as a 
monolayer (xr=1) is approached. This is due to most of the adsorption sites being occupied and the 
inability of more atoms to adsorb. However, the divergence of P towards infinity in figure 1.2 is purely 
an artifice of the model; in a real system, the highest value of pressure is limited by adsorbate bulk 
saturation. The general shape of the isotherm in figure 1.2 is called a Type I isotherm [20] and is 
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summarized with other isotherm types in figure 1.5. In real systems, a Type I isotherm is often indicative 
of chemical adsorption (which typically only occurs in one layer), or physical adsorption on microporous 
substrates. Physical adsorption on planar substrates often occurs in layers yielding a Type VI isotherm 
(figure 1.5) and so the Langmuir model is insufficient to describe such real systems.  
 
1.4 Multilayer Adsorption on Planar Substrates 
Following Langmuir, the B.E.T. method [21] extends the theory of adsorption to the multilayer 
regime. The assumptions made in the kinetic derivation of the B.E.T. equation [22] include the same 
assumptions for the derivation of the Langmuir isotherm, in addition to the following: 
1. The heat of adsorption for every layer after the first is equal to the latent heat of condensation 
for the bulk 3D condensed phase of the adsorbate. 
2. The rates of evaporation and condensation at every layer beyond the first are identical. 
The picture of multilayer adsorption in the B.E.T. method is shown in figure 1.3. 
Following the kinetic derivation which is based on the rates of evaporation and condensation at 
each of the layers, the following equation is arrived at [22]: 
 𝑝
𝑥(𝑝௢ − 𝑝)
=  
1
𝑥௠𝑐
+
𝑐 − 1
𝑥௠
൬
𝑝
𝑝௢
൰ 1.7 
 
In equation 1.7, p is the vapor pressure of the adsorbing species, po is the saturated vapor pressure of 
the adsorbing species, x is the amount adsorbed, xm is the amount adsorbed at one monolayer, and c is a 
constant which is interpreted as the ratio of the lifetime of adatoms in the first layer to that of higher 
layers (lifetimes at higher layers are equal, according to assumption 2). Higher values of c can be 
interpreted as indicating stronger binding energies for the adsorbate on the substrate. Plotting x/xm vs. 
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p/po gives the shape of the B.E.T. isotherm.  This can be seen more clearly, mathematically, by solving 
equation 1.7 for x/xm and rearranging. The shape of the B.E.T. isotherm, which can be seen in figure 1.4, 
depends on the value taken for c.  
 
 
Figure 1.3: Depiction of layers forming on a planar surface according to the BET theory. Red circles are 
adatoms and the black line is the surface of the adsorbent. 
 
 
 
Figure 1.4: General form of the BET isotherm with coverage in fractions of monolayer coverage for c 
values of 1, 10, and 100. Coverage smoothly diverges as it approaches a p/po value of 1. 
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For c values on the order of 100 or greater, the B.E.T. isotherm has a region at low pressure and 
coverage which corresponds to the Henry’s law regime, similar to the Langmuir isotherm. After the 
“knee” in the region near one monolayer, the theoretical B.E.T. isotherm begins a long gradual ascent of 
increasing slope as the film grows in excess of the monolayer and saturated vapor pressure is 
approached. This is known as a Type II isotherm (see figure 1.5), and is indicative of a strong interaction 
between the adsorbate and a planar substrate in the Henry’s law regime. For c values on the order of 10 
or less, no steep region or sharp bend in the isotherm can be easily identified at low coverage which 
indicates weaker adsorbate-substrate interactions. Isotherms of this general shape are called Type III 
isotherms (see figure 1.5). 
A weakness in the B.E.T. theory is highlighted by the experimental fact that, for many 
adsorbates, multilayer adsorption on a sufficiently energetically homogeneous surface results in an 
isotherm displaying clear steps corresponding to the formation of successive layers [23], a feature not 
present in figure 1.4 for any c value even though the surface is assumed to be perfectly homogeneous. 
The reason for the absence of steps in the BET isotherm is the assumption that all layers after the first 
have a heat of adsorption equal to the bulk heat of condensation. Clear examples of real stepwise 
isotherms are seen in the adsorption of krypton adsorbed on graphitized carbon black [23], and on 
exfoliated graphite [15].  
However, the B.E.T. method is still useful as a means for gaining an elementary understanding 
multilayer adsorption, in the same way that the Langmuir method is useful for gaining an understanding 
of monolayer adsorption. In addition, the BET method can be used to estimate values of the effective 
specific surface areas for certain sorbate-substrate combinations.  
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1.5 Adsorption on Porous Substrates 
So far, only planar substrates have been considered when describing adsorption processes and 
film formation. Many substrates possess varying degrees of porosity. Porosity is defined as the ratio of 
the empty volume within a solid (yet still accessible from the outside) to the total volume of the solid. 
Pores in substrates are generally divided up into three categories [24]: micropores are those with a 
width of 20 Å or less, macropores possess diameters with widths greater than 200 Å, and those with 
widths in between 20 and 200 Å are termed transitional pores, or sometimes mesopores. Diameter 
might be a misleading term considering that pores aren’t always going to be cylindrical, or have circular 
openings, but the designations of pore width are still useful. In particular, the relations between the 
widths of pores, the diameters of adsorbates, and the mean free paths of adsorbates, will play a role in 
sorption and diffusion on and into the substrate. 
Adsorption on solids with pore widths in the range of tens to hundreds of Å (roughly in the 
transitional and macropore range) will often show isotherms categorized as Type IV [25]. Type IV 
isotherms (shown in figure 1.5) are similar to Type II, with the addition of an extra near vertical riser at 
pressures and coverages intermediate between the first bend, and the approach to saturation.  
If desorption is allowed to occur, the path followed as the vapor pressure is decreased will 
deviate from the adsorption path, resulting in a hysteresis loop (indicated by the dashed line in figure 
1.5). The hysteresis is a result of capillary condensation, or, the formation of a bulk-like fluid phase 
which forms within the pores during the final stages of adsorption, before saturated vapor pressure is 
reached. By using a method based on the Kelvin Equation [25] and the data of an adsorption isotherm of 
Type IV, estimations of the pore size distribution for the substrate can be attained [25]. Additionally, the 
total pore volume can be calculated fairly straightforwardly by the assumptions that the density of the 
condensate is the same as the bulk liquid, and that the region in the isotherm immediately prior to 
saturated vapor pressure corresponds to pores that are completely filled up with liquid-like sorbate. 
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Another classification of isotherm than can result from sorption on a substrate with roughly 
transitional pores, or macropores, is that of Type V [25]. Type V isotherms (figure 1.5) have the same 
relationship to Type III isotherms that Type IV has to Type II, in that they are similar at the lowest and 
highest coverages and pressures but also include an extra near vertical riser in the intermediate region. 
Type V isotherms also include a hysteresis desorption loop as a result of capillary condensation although 
methods for estimating pore size distributions from such data are problematic due to large 
uncertainties. 
 
   
   
Figure 1.5: The six basic classifications of sorption isotherms provided by the IUPAC (International 
Union of Pure and Applied Chemists). Solid lines are adsorption curves and dashed lines are 
desorption curves. 
- Type I – Langmuir isotherm (section 1.3). 
- Type II – BET multilayer isotherm with strong interation: c = 100 (section 1.4). 
- Type III – BET multilayer isotherm with weak interaction: c = 1 (section 1.4). 
- Type IV – Adsorption/desorption on porous substrate with capillary condensation. Strong 
sorbate-substrate interaction (section 1.5). 
- Type V – Adsorption/desorption on porous substrate with capillary condensation. Weak 
sorbate-substrate interaction (section 1.5). 
- Type VI – Stepwise isotherm resulting from formation of adsorbate layers on planar substrate 
(section 1.4). 
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Adsorption on microporous substrates often yields Type I isotherms [20]. The typical 
interpretation is that for an adsorbate on a microporous substrate, the plateau in the region of the 
isotherm after the bend corresponds to micropores filled with a fluid-like phase [20], which can allow for 
estimations of total pore volume in a manner similar to that for Type IV isotherms. Hysteresis has been 
identified in many Type I isotherms for microporous substrates [20] but is usually far less noticeable 
than the hysteresis in Type IV isotherms. 
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CHAPTER 2  
STATISTICAL MECHANICS AND THERMODYNAMICS OF ADSORPTION 
 
As stated in the Chapter 1 introduction, the adsorbate has two phases (film and vapor), while 
the substrate is the solid which acts as the adsorbent. In more general statistical and thermodynamic 
theories of adsorption, the three phases (film, vapor, and substrate) are not considered separately, but 
rather are considered all parts of one mixed, interacting, system [26]. However, the separation of film, 
vapor, and substrate into separate phases allows for useful approximations. For example, the 2D 
spreading pressure of the film (φ) and the 3D pressure of the vapor can each be considered separately 
even though the properties of the vapor phase will affect the properties of the film and vice versa [26].  
The following sections offer a brief review of some of the relevant statistical mechanics and 
thermodynamics of adsorption that will help with interpretation of the experimental data presented 
later in the dissertation. 
 
2.1 The Chemical Potential and Thermodynamic Equilibrium 
There are two conditions for thermodynamic equilibrium between film and vapor: equality of 
the respective chemical potentials, and equality of temperature [27]. Experimentally, since temperature 
(T), volume (V), and the number of particles (N) are controlled, this condition of equilibrium is satisfied 
when the vapor pressure (P) has reached a constant value with respect to time. When this happens we 
can say that the chemical potential (µ) of the film and vapor are equal, or 
𝜇௩௔௣௢௥ = 𝜇௙௜௟௠. (2.1) 
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If the vapor pressure is not constant in time, there will necessarily be a net flow of particles between the 
film and vapor, and the chemical potentials will not be equal. Assuming the vapor to be ideal (which is 
an excellent approximation for vapors at low density and high temperature [28]), we can write [29], 
𝜇௩௔௣௢௥ = 𝜇௙௜௟௠ =  −𝑘𝑇 ln ൤
௞்
௉ఒ೟೓
య ൨, (2.2) 
 
where k is Boltzmann’s constant, and λth is the DeBroglie thermal wavelength. The right side of equation 
2.2 is a commonly derived expression for the chemical potential of an ideal gas, and it shows that the 
equilibrium chemical potential of the film and vapor are proportional to the natural logarithm of the 
pressure. Experimentally, all measurements of the pressure come from the dosing volume which is held 
at room temperature. No measurements are taken directly from the adsorbed film. As a result, it is 
important to allow the system to reach thermodynamic equilibrium so we can relate our measurements 
of the gas in the dosing volume to the vapor and film in the cell which are in equilibrium. 
An alternative way of stating the condition of thermodynamic equilibrium between film and 
vapor is obtained from the method of Gibbs [30], and is given by the equation [26], 
𝑎𝑑𝜑 = 𝑣𝑑𝑃 (2.3) 
where a and v are the specific area and specific volume of the film and vapor, respectively, and φ is the 
2D spreading pressure of the film. Equation 2.3 is equivalent to equation 2.1, and will be used to derive 
an expression for the isothermal compressibility (see section 2.4) which will allow it to more easily be 
used in conjunction with experimental adsorption isotherm data 
As stated in the discussion of the B.E.T. isotherm (section 1.4), adsorption on an energetically 
homogeneous surface will result in a stepped isotherm, where each step corresponds to an adsorbed 
layer. The near vertical risers in the steps of the figures cited in that discussion correspond to regions 
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where the vapor pressure (horizontal axis) is constant as coverage (vertical axis) increases. A glance at 
equation 2.2 shows that if the pressure is constant for regions of an isotherm, the chemical potential is 
also constant over that region. The binding energy within a layer is roughly constant, but decreases with 
each layer that is added because each progressive layer that forms is farther from the substrate. The 
pressure and chemical potential at which each layer forms (and hence, the location of the steps in the 
isotherm) is controlled, in part, by the binding energy [23]. A relatively high binding energy corresponds 
to a step at relatively low pressure and chemical potential, and vice versa.  
Adsorption on a heterogeneous surface with a spread of binding energies will have a tendency 
to smear out the steps in the stepwise isotherms being discussed here. For isotherms of adsorption on 
porous substrates, this smearing is commonplace given that most porous substrates are effectively 
heterogeneous. The locations of steps (or substeps) in such isotherms correspond less to the formation 
of layers of adsorbate, and more to adsorption on groups of roughly similar binding energy sites on, and 
within, the substrate.  
 
2.2 Free Energy  
The Helmholtz free energy (F = U – TS) is a minimum at equilibrium [29]. For an adsorbate, the 
individual components (film and vapor) of the free energy can be summed [31]: 
𝐹 =  𝐹௙ + 𝐹௩ (2.4) 
 
where the subscripts refer to film and vapor respectively. There is a very direct relationship between 
free energy and chemical potential [26]: 
𝜇௜ = ൬
𝜕𝐹௜
𝜕𝑁௜
൰
்,௏ ௢௥ ஺
 (2.5) 
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where the subscript i refers to the phase (vapor or film), N refers to the number of particles in the 
phase. Large changes in the free energy of the film (ΔF=ΔU-TΔS) from point to point along an isotherm 
can result in additional smearing of substeps. This can happen for steps in an isotherm corresponding to 
adsorption on groups of sites with similar binding energy if the change in entropy (TΔS term) is large. 
This can occur if linear adsorbates undergo rearrangement as isotherm coverage increases. The 
combination of energetically heterogeneous surfaces and large changes in the entropy per adsorbed 
particle can lead to isotherm substeps which are smeared out and barely discernible, if at all. 
 
2.3 Isosteric Heat of Adsorption 
Much like the condensation and deposition of bulk matter, adsorption is an exothermic process. 
The heat released during the condensation, or deposition, of a particle is the latent heat. Similarly, the 
heat released during the adsorption of a particle from the vapor phase to the film is the heat of 
adsorption. Various heats of adsorption exist [26] depending on the particular experimental conditions, 
and the one that is most relevant to the current dissertation is the isosteric (constant coverage) heat of 
adsorption given by [26], 
𝑞௦௧ = 𝑘𝑇ଶ ൤
𝜕𝑙𝑛𝑃
𝜕𝑇 ൨ே೑,஺
 
(2.6) 
where k is Boltzmann’s constant, Nf is the amount of adsorbate in the film, A is the area of the film, and 
qst is the isosteric heat of adsorption. Only a part of the heat released is reflected in the change in the 
energy per particle during the phase changes described, for latent heats [32], and for the heat of 
adsorption [26]. The isosteric heat is only equal to the binding energy at the limits of absolute zero 
temperature and zero surface coverage [26]. At finite values of T, and coverage, the isosteric heat will 
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also include terms which depend on the state of the film. The actual relationship between isosteric heat 
and binding energy can be stated as, 
𝑞௦௧ = 𝐸௕ +  𝛾𝑘𝑇 (2.7) 
where Eb is the binding energy, and γ is a constant which depends on the dimensionality of the film and 
vapor (see, for example, equations 5.1.6, and 5.2.11 in [19], and equation 4 in [33]). 
The general form of the solution to equation 2.6 is the following,  
ln(𝑃) = −
𝑞௦௧
𝐾௕𝑇
+ 𝑏  (2.8) 
where it can be seen that if ln(P) is plotted vs. the inverse of temperature, the slope of the resulting line 
will be the negative of the isosteric heat of adsorption divided by Boltzmann’s constant. The usefulness 
of equation 2.8 (as opposed to equation 2.6) is in the ease with which it can be applied to sets of 
experimentally obtained adsorption isotherms. Equation 2.8 becomes the Clausius-Clapeyron equation 
(equation 3.11) when it is applied to bulk phase changes, in which case qst becomes the latent heat of 
the phase transition. 
   
2.4 Isothermal Compressibility 
In three dimensions, the isothermal compressibility is a measure of how the volume of a 
substance changes as pressure is varied, and can be written as the following [34], 
𝐾் = −
1
𝑣
൬
𝜕𝑣
𝜕𝑃
൰
்
 (2.9) 
where KT is the isothermal compressibility, and little v is the volume per particle, or specific volume. The 
isothermal compressibility will diverge during phase transitions [34]. The two dimensional version of the 
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isothermal compressibility (K2D) replaces v with a (specific area of adsorbed particles), and P with φ (2D 
spreading pressure of the film) [35], and is a measure of how the area of a film changes with respect to 
changes in spreading pressure: 
𝐾ଶ஽ = −
1
𝑎
൬
𝜕𝑎
𝜕𝜑
൰
்
 (2.10) 
We can write the differential of specific area as, 
𝑑𝑎 = −
𝐴
𝑁௙ଶ
𝑑𝑁௙ (2.11) 
while equation 2.3 can be arranged as, 
𝑑𝜑 =
𝑁௙
𝐴
𝑉
𝑁௩
𝑑𝑃. (2.12) 
Substituting equations 2.3, 2.11, and 2.12 into equation 2.10 allows us to arrive at, 
𝐾ଶ஽ =
1
𝐴
𝑉
𝑁௩
ቆ
𝑑𝑁௙
𝑑𝑃 ቇ்
 (2.13) 
which is a useful form of the isothermal compressibility. In particular, the term in parentheses can be 
calculated along an isotherm, point to point, to bring out certain features that might not be as apparent 
otherwise. 
 
2.5 Kinetics of Adsorption 
The kinetics of adsorption refers to how the rates of adsorption, and the times to reach 
equilibrium (relaxation times), are affected by the adsorption process. A gas that is exposed to a surface 
with available adsorption sites, will have a finite relaxation time. This relaxation time can be on the 
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order of seconds, minutes, hours, days, or even weeks depending on the complexity of the adsorption 
system, and the pressures and binding energies involved in the process.  
For spherical, or effectively spherical, adsorbates with no permanent electric polarity on an 
energetically homogeneous surface where the surface is exposed directly to the gas, the equilibrium 
adsorption kinetics trends have been described theoretically by the following equation [36] [37]: 
𝜏௘௤ = 𝑘ௗ௘௦𝑒ఉா൫1 − 𝑛௘௤൯ (2.14) 
where τeq is the equilibrium time, kdes is a characteristic time for the process of desorption, β = 1/kBT, E is 
the binding energy, and neq is the equilibrium fractional coverage. From equation 2.14 it is seen that the 
time to reach equilibrium: decreases as fractional coverage increases, increases as binding energy 
increases, and decreases as temperature increases. These trends can all be related to the pressure [36], 
which, as discussed previously, is proportional to the exponential of the chemical potential. As fractional 
coverage increases, so too does the vapor pressure which means that there are more adsorbate 
particles in the gas phase available to adsorb and the process is faster. The explanation for binding 
energy dependence is similar; as the binding energy of the adsorbate on the substrate increases, the 
pressure needed for adsorption to occur at a specific coverage decreases. This leads to fewer adsorbate 
particles in the gas phase being available for adsorption at that coverage and therefore slower kinetics. 
Likewise, increasing temperature leads to increasing pressure which, again, leads to more adsorbate 
particles being available for adsorption and therefore faster kinetics.  
The trends in the adsorption kinetics are more complicated when considering adsorption of 
linear molecules, or sorbates with permanent electric moments on heterogeneous surfaces, or on 
substrates possessing porosity. All of the systems studied in this dissertation are more complicated than 
the simple case of spherical (or effectively spherical), non-polar sorbates on planar substrates and most 
of the kinetic results presented in later chapters will reflect that. 
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Diffusion of the adsorbate on the surfaces, and within the pores, of a porous substrate can play 
a role in the kinetics of adsorption. A convenient mathematical representation of diffusion is given by 
Fick’s first equation [38], 
𝐽 = −𝐷(𝑐)
𝜕𝑐
𝜕𝑟
 (2.15) 
where J is the flux, D(c) is the diffusion constant, c is the concentration of the diffusing particles, and r is 
position. The interpretation of equation 2.15 is that particles will tend to diffuse in the direction of the 
largest gradient of concentration. The flux, J, is also proportional to the gradient of chemical potential 
[38] [39], which is a more statistical way of thinking about Fick’s law.  
The presence of an adsorbate on macropores will involve diffusional processes. At least four 
different mechanisms are identified and they are [38]: molecular, Knudsen, Poiseuille, and surface 
diffusion. Another form of Fick’s first law is defined for the case of macropore diffusion [38], 
𝐽 = −𝜖௣𝐷௣
𝜕𝑐
𝜕𝑟
 (2.16) 
where ϵp is the porosity as defined in section 1.5, and Dp is the pore diffusivity which is defined as the 
ratio of the diffusivity (D) to the tortuosity factor (τ). The tortuosity is a geometric factor that is generally 
proportional to the inverse of the porosity. Having Dp defined in such a way is necessitated by the fact 
that most pores aren’t straight perfect cylinders, but rather involve some randomness in their geometry. 
Essentially, the more meandering the path of a pore is, the higher the tortuosity factor will be, and the 
pore diffusivity will be lowered.  
For adsorbates in micropores, diffusion is a slow, activated process [38]. The activation energy 
depends on the size of the adsorbate in cases where the microporous window opening is similar in size 
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to the adsorbate. The temperature dependence of the diffusion constant in microporous diffusion can 
generally be described by a typical equation for activated processes [38]: 
𝐷 = 𝐷∗𝑒
ିா
ோ்ൗ  (2.17) 
where D* is the pre-exponential factor, E is the activation energy, and R is the universal gas constant.  
Several models exist for analyzing the kinetics of adsorption. A model based on Fickian diffusion 
[40] provides a means for relating fractional uptakes to quantities depending in part on diffusion 
constants. Alternatives to the Fickian Diffusion (FD) model are the Linear Driving Force (LDF) model and 
the Quadratic Driving Force (QDF) model [39]. The LDF model in particular has been shown to be 
essentially equivalent to the relatively more rigorous but mathematically cumbersome FD model for 
adsorption on heterogeneous surfaces [39]. The LDF model may be summarized by the following 
equation [41], 
𝜃 = 1 − 𝑒௞௧ (2.18) 
where θ is the fractional uptake (mass adsorbed at time t divided by mass adsorbed at equilibrium), k is 
a constant which is proportional to the diffusion constant, and t is time. By rearranging equation 2.18, it 
can be seen that a graph of ln(1-θ) vs. t will yield a plot with slope k. Given that a heterogeneous 
substrate will not always have a single diffusion constant [39], an LDF plot for adsorption on such a 
substrate will often involve more than one rate constant, and will not be linear over the entire coverage 
range. 
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CHAPTER 3  
EXPERIMENTAL PROCEDURES 
 
3.1 Volumetric Adsorption Apparatus  
Adsorption isotherms were measured using in-house built setups, an example of which is shown 
schematically in figure 3.1. 
 
Figure 3.1: A schematic of the general setup of the in-house built adsorption setups used in this 
dissertation. Black lines represent copper or steel tubing, while blue lines represent electrical 
connections. 
 
 
High vacuum levels (on the order of 10-7 Torr), in the experimental volumes of the setups 
described here, are achieved using combinations of multiple vacuum pumps in series. One such pumping 
station consists of a mechanical pump and an oil diffusion pump. The mechanical pump is used as a 
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roughing pump to achieve low vacuum (on the order of 10-3 Torr) in the experimental volumes and in 
the diffusion pump. The diffusion pump cannot operate without the aid of the roughing pump. Once a 
low vacuum is reached, the oil diffusion pump may be used to achieve high vacuum. Another pumping 
station variation is one that includes a diaphragm mechanical pump and turbo-molecular pump in series. 
The diaphragm pump is used for the purpose of roughing the volumes down to low vacuum and the 
turbo-molecular pump is used to achieve high vacuum. Similar to the diffusion pump, the turbo-
molecular pump cannot operate on its own and must be used in conjunction with a roughing pump. 
The dosing volume (Vd) is part of the experimental volume which is made up of copper tubing 
sections and consists of a volume of anywhere between approximately 80 and 250 cc depending on the 
particular setup. It is connected to one of the previously described pumping stations and is typically 
pumped to high vacuum levels for a period of at least 24 hours prior to the start of an isotherm 
measurement. This is necessary to ensure that as much atmospheric gas as possible, given practical 
limitations, is evacuated from the experimental volumes. In a sense, the dosing volume is the central 
“hub” of the experimental apparatus. It is connected not only to the pumping station, but also to the 
pressure gauges, sample-containing cell, gas tank (via a two-stage regulator), and to any additional ports 
that are included for the purpose of leak detection. 
Connected to the dosing volume are three MKS Baratron capacitance pressure gauges. All three 
gauges have outputs in the voltage range 0 to 10 V, and the range of pressures are, respectively, 0 to 1 
Torr, 0 to 10 Torr, and 0 to 1000 Torr. Having three gauges at different sensitivities allows for precise 
measurements throughout the whole range of pressures from about 1000 Torr down to the 10 -3 Torr 
range. Connected to each pressure gauge is a Keithley 2000 Multi-Meter which can be used to monitor 
the voltage, and hence the pressure, and communicate with the computer via a National Instruments 
data acquisition board.  
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The gas tank is connected to the dosing volume via a two-stage regulator and two electro-
pneumatic valves, labeled V1 and V2 in figure 3.1. A third electro-pneumatic valve, labeled V3, connects 
the dosing volume to the cell which contains the sample. These electro-pneumatic valves are controlled 
either manually or automatically through a switch-board connected to the computer. The cell sits atop a 
cold head refrigerator and is housed inside a vacuum sealed can. Similar to the dosing volume, the cell 
and can are pumped to high vacuum levels for a period of at least 24 hours prior to starting the 
experiment. The cell is evacuated for the same reason that the dosing volume is pumped, so that the 
experiment can be run with as little interference from the other chemical species present in air as 
possible. The can is pumped out for a different reason. Since the adsorption experiments are carried out 
at low temperature, the temperature of the cell needs to be kept as constant as is practically possible. 
Achieving a low temperature would be near impossible if the cell were sitting at room pressure. 
Pumping out the can ensures that there is as little thermal connection as possible with atmospheric gas 
by way of convection and conduction of heat, allowing the refrigerator to cool the cell. 
A schematic of the sample-containing cell, located within the vacuum pumped can, is shown in 
figure 3.2. Low temperatures are achieved for the cell using a combination of a helium compressor and 
Model 22 Refrigerator, both made by CTI Cryogenics. The cooling system by itself will cool the cell down 
to approximately 20K. Heat must be supplied to bring the temperature of the cell back up to a level 
needed for the isotherm being measured. This is achieved using two temperature controllers each of 
which is a Lakeshore Model 331, 332, or 340.  
Temperature is monitored and controlled in two stages within the can. The bottom stage is 
connected directly to the cold head of the cryo-cooler and the temperature here is monitored using a 
diode sensor. The cold head heater consists of a cylindrical piece of copper around which is wound a 
wire with a resistance of approximately 50 ohms per foot. This high resistance wire is soldered to copper 
wire which is connected to the cold head temperature controller. The top stage is the cell itself, which 
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contains the sample. The temperature of the cell is monitored by another temperature controller using 
a platinum resistance sensor. For heating, a high resistance wire is wound around the cell itself and is 
connected to the cell temperature controller. The cold head and cell are connected via thin strips of 
copper. The amount of current supplied to the heater wires by each respective temperature controller is 
determined using an algorithm with three variables. The value of these variables are user controlled. 
The combination of two stages connected by low thermal conductivity metal, and user controlled 
variables for the output to the heaters, allows for very stable temperature control which is constant to a 
hundredth of a Kelvin. 
 
Figure 3.2: A schematic of the cell and cold head setup. The adsorbent is loaded into the cell which is 
where adsorption takes place.  
 
To ensure that the experimental volumes are as leak tight as possible, extra ports are typically 
included, which are attached to the dosing volume. These ports allow for the use of a helium leak 
detector. The leak detector itself is used to vacuum pump the experimental volumes. Once a sufficient 
vacuum level is reached, low purity helium is sprayed around the experimental volumes while the leak 
detector is still attached and pumping on the volumes. If a leak is present in the experimental volume, 
sprayed helium will makes its way through the leak and into the leak detector. There is very little He in 
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the atmosphere under normal conditions, so if the leak detector detects high amounts of helium, it must 
necessarily have come from that which was sprayed. If a leak is identified and located, steps must be 
taken to ensure the system is leak tight again. Sometimes fixing a leak is as simple as tightening a nut 
but sometimes parts of the system (such as valve mechanisms) must be replaced entirely. 
 
3.2 Procedure for Measuring Adsorption Isotherms 
A brief discussion of units must occur prior to the description of the procedure. The unit of 
pressure given by the pressure gauges described in the previous section is Torr, with 1 Torr equal to 
approximately 0.0013 atm, or 133.322 Pa. Since volumes are measured in units of cubic centimeters, 
and temperature in Kelvin, it becomes convenient to use the unit of cc-Torr at 273 K (“cc-Torr” for short) 
to indicate the amount of a substance: 
 1 𝑐𝑐 − 𝑇𝑜𝑟𝑟 = 3.54 𝑥 10ଵ଺ 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠. 3.1 
 
1 cc-Torr is the amount of a substance in the gas phase required to fill a volume of 1 cc to a pressure of 1 
Torr at a temperature of 273 K. This can be shown explicitly using the ideal gas law, 
 𝑁 = ௉௏
௄ಳ்
= (ଵଷଷ.ଷଶଶ ௉௔)(ଵ଴
షల௠య)
(ଵ.ଷ଼ଵ௫ଵ଴షమ ೘
మೖ೒
ೞమ಼
)(ଶ଻ଷ ௄)
= 3.54 𝑥 10ଵ଺. 3.2 
 
Using units of cc-Torr is purely a matter of convenience which slightly simplifies the calculations in the 
following section. Converting to other units for number or amount is a simple matter if and when it is 
necessary. 
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Using the setup shown schematically in figure 3.1 and described in section 3.1, adsorption 
isotherm measurements are conducted. After pumping out the can, cell, and dosing volume for at least 
24 hours using the high vacuum pumps previously described, the valve to the cell (V3) is closed and the 
cooling station is turned on and allowed to achieve the required cell temperature (Tc). This can take 
anywhere from a few hours to a day depending on how low the temperature needs to be. A manual 
valve between the pumping station and dosing volume is closed prior to starting the experiment. The 
can, however, is pumped out continuously to help ensure a constant Tc during the entire duration of the 
experiment. 
With V3 closed, gas is dosed into the dosing volume using V1 and V2, in the following manner. 
First, V1 is opened for a short period to let gas into the small volume (less than 1 cc) between V1 and V2. 
Then V1 is closed. After V1 is closed, V2 is opened to let the small shot of gas into the dosing volume 
(Vd). Then V2 is closed and the cycle repeats as many times as necessary in order to reach the required 
pressure. This pressure is recorded by the computer with a program written in LabView as the initial 
pressure, or Pi. This method of dosing gas in small shots is used because it allows for very fine control of 
the amount of gas that is let into the system. Sometimes this very fine control is needed to obtain 
isotherms with sufficient detail, especially at low pressures. The valves can be controlled either manually 
or automatically with a program written in LabView. Another LabView program is used to continuously 
record the pressure in the dosing volume and the cell temperature in user specified intervals (1 minute 
is a typical interval). Once Pi is recorded, V3 is opened which allows the gas to diffuse to the cell through 
a 1/16th in. outside diameter stainless steel tube where it is free to adsorb onto the sample. The 
pressure in the dosing volume is monitored continuously as the gas adsorbs onto the sample. 
Eventually, the vapor phase and adsorbed film reach a state of thermodynamic equilibrium and the 
pressure becomes constant, within a certain reasonable variation due to noise. This final equilibrium 
pressure is recorded as Pf.  
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An example of a pressure plot recorded by all three gauges including initial and final values of 
pressure is shown in figure 3.3. The plot on the left shows the overall evolution of the pressure after the 
opening of V3 at t=0. The initial value of pressure in this case must come from the gauge with the 
highest range (1000 Torr gauge) because the value of Pi=65 Torr is beyond the range of the other two, 
which are both maxed out at roughly 1.4 and 14 Torr, respectively. The plot on the right is the same set 
of data with the pressure axis expanded greatly. This is to show in more detail the attainment of 
thermodynamic equilibrium and how at such low pressures, the lower range gauges are more 
appropriate for choosing a value of Pf which in this example is somewhat less than 0.01 Torr. The 1000 
Torr gauge shows considerably more noise and systematic error at this low pressure range. Additionally, 
it can be seen that the value of equilibrium pressure isn’t reached until somewhere in the vicinity of 5 or 
6 hours.  
 
  
Figure 3.3: Pressure evolution in the dosing volume corresponding to a point on an isotherm for three 
gauges with different ranges. 
 
After the first dose of gas reaches equilibrium, the amount adsorbed (in units of cc-Torr) for this 
first point can be calculated. The amount of gas that effectively leaves the dosing volume and makes its 
way into the cell after V3 is opened is denoted Ain and is calculated by using the following equation, 
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 𝐴௜௡ = ൫𝑃௜ −  𝑃௙൯𝑉ௗ ∗
ଶ଻ଷ௄
ೝ்
, 3.3 
 
where Vd is the dosing volume, and Tr is room temperature (Tr is assumed to be constant at a typical 
value of 295 K). The amount of gas that effectively makes its way into the cell, but does NOT adsorb 
onto the sample, is termed the vapor phase. The amount in the vapor phase is denoted Avap, and is 
calculated by using the equation, 
 𝐴௩௔௣ =  𝑃௙ ∗ 𝑉௖ ∗
ଶ଻ଷ௄
೎் 
, 3.4 
 
where Vc is the volume of the cell not occupied by the sample (typically between 5 and 10 cc), and Tc is 
the temperature of the cell. The amount adsorbed at this first point is simply the difference between the 
above two equations, or, 
 𝐴௔ௗ௦,ଵ = 𝐴௜௡,ଵ − 𝐴௩௔௣,ଵ 3.5 
 
where Aads denotes the amount adsorbed onto the sample, and the subscript 1 refers to the first point.  
After the amount adsorbed is recorded for point 1, the process is repeated, i.e., V3 is closed and 
the dosing in of gas through V1 and V2 proceeds as before. A new P i, and Pf will be attained for point 2. 
To calculate the amount adsorbed at point 2 and beyond, the following equation is used, 
 𝐴௔ௗ௦,௡ = 𝐴௦௨௠ − 𝐴௩௔௣,௡. 3.6 
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where Asum is the total amount of gas that has effectively left the dosing volume and made its way to the 
cell for every point in the isotherm up to, and including, the current point. Asum can be expressed simply 
as, 
 𝐴௦௨௠ = ෍ 𝐴௜௡ 3.7 
 
For each point, a Pf and Aads pair will be respectively measured and calculated. An adsorption isotherm is 
a plot of Aads vs. Pf (or ln(Pf)). An example of each one of these types of isotherms is shown in figure 3.4, 
for the case of argon adsorption on chemically opened carbon nanohorns at 76.32 K. The amounts 
adsorbed indicated by the vertical axes for these isotherms have been converted from cc-Torr to milli-
mols (mmols). These isotherms are part of a larger data set and will be discussed more in later sections. 
 
  
 
Figure 3.4: Example isotherms for argon adsorbed on opened carbon nanohorns at 76.32 K. 
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3.3 Thermo-molecular Correction to Pressure 
Corrections to the final pressures (Pf) measured in the dosing volume during the measurement 
of an adsorption isotherm are necessary. This is due to an effect called thermal transpiration, or the 
gradual movement of particles in an unevenly heated container from the colder side to the warmer side 
[42]. If there are two containers at different temperatures with the same gas, and if those two 
containers are connected by a small opening with a diameter several times smaller than the mean free 
path of the particles in the gas, thermal transpiration will occur. This diffusion happens even if the initial 
pressure of the gas in both containers is the same, and will continue until the following condition is met 
[42]: 
 ௉భ
௉మ
= ቂ భ்
మ்
ቃ
ଵ
ଶൗ , 3.8 
 
where P, and T, are pressure and temperature respectively, and the subscripts refer to the two different 
containers. 
A similar situation arises if the two containers are connected by a long tube with a diameter on 
the order of several times smaller than the mean free path of the gas. This is due to thermal 
transpiration and to a process called thermal creep [43]. In the experimental setups used to measure 
adsorption isotherms, the dosing volume (where pressure measurements are made) is connected via a 
small 1/16th inch outer diameter tube (inner diameter is 1/16th – 0.02 inches) to the cell which is held at 
lower temperature. This constitutes a situation in which thermal transpiration needs to be taken into 
account for the attainment of accurate measurements of the pressure inside the cell. 
As stated, the effect of thermal transpiration occurs in the case where the connecting diameter 
hole is smaller than the mean free path of the particles in the gas. The mean free path is inversely 
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proportional to the density of the gas and so this effect is more noticeable as pressure is lowered. The 
correction is given as the following empirical relation [44], 
 
𝑃௖௢௥௥ = 𝑃௘௫௣ ∗ ቎
ට ೎்
ೝ்
ൗ    ିଵ
஺௑మା஻௑ା஼√௑ାଵ
+ 1቏, 3.9 
 
where Pcorr is the corrected pressure, and Pexp is the experimentally measured pressure. The coefficients 
A, B, and C are empirically determined for each gas, and the values for select gases are shown in table 
3.1. X is given by the following relation [44]: 
 𝑋 = ଶ௉೐ೣ೛ௗ
்೎೐೗೗ାଶଽହ௄ 
, 3.10 
 
where d is the diameter of the connecting tube (1.1 mm in the present case). 
 
Table 3.1: Coefficients used with equation 3.9 for five different gases. 
 
Gas A (K/mmTorr)2 B (K/mmTorr) C (K/mmTorr)(1/2) 
Ar 10.8 x 105 8.08 x 102 15.6 
O2 8 x 105 17.5 x 102 - 
Ethane 30 x 105 1.5 x 102 90 
Propane 40 x 105 6 x 102 120 
CO2 17 x 105 8 x 102 64 
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3.4 Temperature Calibration 
Although the temperature of the cell can be controlled precisely to one hundredth of a Kelvin, 
the actual temperature in the cell might differ from that which is read by the temperature controllers. 
As a result of this, the actual temperature must be calibrated through other means. The method of 
doing this is based on the fact that a gas will condense to solid, or liquid, at a known pressure based on 
the temperature of the gas [32]. The pressure at which the phase change occurs is known as the 
saturated vapor pressure. It occurs at a point on the P-T phase diagram which means that the pressure 
and temperature are both constant during the phase transition. If the saturated vapor pressure can be 
measured in an isothermal process, the temperature can be determined unambiguously by comparison 
to known saturation data, or by using an equation which relates temperature to the saturated vapor 
pressure.  
The slope of the saturation curves for both liquid condensation and solid deposition is 
determined by the Clausius-Clapeyron equation [34]: 
 𝑑𝑃ఙ
𝑑𝑇
=
𝐿
𝑇∆𝑣
, 3.11 
 
where Pσ is the coexistence pressure, L is the latent heat per particle, T is the temperature, and Δv is the 
difference in volume per particle (specific volume) between the vapor phase and condensed phase. The 
Clausius-Clapeyron equation applies generally to all 1st order phase transitions with a latent heat [34]. 
Various semi-empirical equations have been developed in order to best relate coexistence vapor 
pressure and temperature experimentally and many of them are based on the Clausius-Clapeyron 
equation [45]. The most widely used vapor-pressure/temperature relationship is the Antoine Equation 
[45], 
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 log(𝑃) = 𝐴 −  
𝐵
𝑇 + 𝐶
 3.12 
 
where P is the vapor pressure at equilibrium with the condensed phase, T is the temperature, and the A, 
B, and C coefficients are constants which are specific to the chemical species and temperature range. If 
the saturated vapor pressure of an isotherm is measured and substituted for P in the Antoine equation, 
then the temperature can be determined, provided good values of the coefficients are known for that 
specific gas and temperature range. Antoine equation coefficients are typically obtained from the 
Chemistry WebBook at the NIST (National Institute of Standards and Technology) website [46]. 
Additionally in the Chemistry WebBook at the NIST website are tabulated vapor-pressure/temperature 
coexistence curves which can be used to calibrate the isotherm temperatures in the case that 
inadequate Antoine coefficients are provided. A few liquid/vapor coexistence curves taken from data in 
the Chemistry WebBook website are shown in figure 3.5 below for the case of some common gases used 
in adsorption studies. Relatively small, weakly binding atoms/molecules tend to be on the left of this 
type of plot at colder temperatures, while relatively large, strongly binding atoms/molecules tend to be 
on the right at higher temperatures.  
The saturated vapor pressure is identified in adsorption isotherms at the highest coverage 
where the isotherm shows a vertical riser, or step. This is demonstrated in figure 3.4 at, and above, 
coverages of about 5.5 mmols. In those isotherms, the pressure at this vertical step is identified as the 
saturated vapor pressure for Ar at the isotherm temperature (which would be determined by one of the 
above methods). 
 
37 
 
 
Figure 3.5: Liquid/Vapor saturation curves for a few atomic and molecular species. 
 
3.5 Effective Specific Surface Area (ESSA) Calculation 
Adsorption isotherms can be used to find the amount of adsorbate on a perfectly planar 
substrate which makes up the first layer. If the amount of adsorbate in one monolayer is known, and if 
the amount of area taken up by each individual adsorbed particle is also known, the surface area for 
that planar substrate can be calculated. The surface area in this case is simply the area of each 
adsorbate multiplied by the number of adsorbed particles at one monolayer. Typically, the surface area 
calculated this way is divided by the mass of the substrate in grams to give the specific surface area 
(SSA), which allows for a more convenient way of comparing the surface areas calculated in different 
experiments. 
A simple, empirical method for determining monolayer capacity is the Point-B method [22] [47]. 
The Point-B method relies on being able to identify a sharp bend in certain isotherms which corresponds 
to the formation of a monolayer (or, as we shall see, an effective monolayer). This applies to isotherms 
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of types I, II, and IV, for the case of adsorption on substrates with strong interactions between substrate 
and adsorbate. In figure 3.6a, the dotted red line is used to help identify where the linear region after 
the bend begins and where the isotherm deviates from linearity. Point-B is located where the dotted red 
line and the isotherm separate. Monolayer capacity is taken to be the coverage at which Point-B is 
attained, and is indicated by the arrow. 
The Point-B method can be used for isotherms resulting from adsorption on porous substrates 
[20] [25], which indicates the effective monolayer capacity. In such porous systems, the effective 
qualifier indicates that Point-B actually corresponds to a coverage which includes surface area but is 
mainly comprised of fully or partially filled pore volumes. Again, the isotherm in figure 3.6a is taken from 
a larger set of experimental data and is of an isotherm of argon adsorbed on chemically opened carbon 
nanohorns (a very porous substrate) at 82.07 K. This Point-B coverage can be used to calculate the 
effective specific surface area (ESSA) provided the mass of the substrate, and a good estimate for the 
amount of area taken up by an argon atom sorbed, are known. The ESSA, while obviously not an actual 
surface area, is still useful for obtaining a measure of the sorptive capacity of the substrate. 
(a) (b) 
  
Figure 3.6: Demonstration of the Point-B method used for determining the effective monolayer 
capacity. 
(a) Isotherm from data of argon adsorbed on open carbon nanohorns at 82.07 K. 
(b) Point B linear plot for the same isotherm. 
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The BET method also provides a means for obtaining surface areas from experimental 
adsorption isotherms [22]. A glance at equation 1.7 shows that a graph of P/x(Po-P) vs. P/Po should result 
in a plot with a slope (s) of (c-1)/(xmc) and an intercept (i) of 1/xmc (see figure 3.6b). In many isotherms, 
within a relative pressure range of 0.05 and .35, this plot is linear (sometimes the region of linearity 
extends beyond that relative pressure range). By substituting in data from this pressure range of the 
isotherm, the values of (effective) monolayer capacity can be calculated as: 
 𝑥௠ =
1
𝑠 + 𝑖
 3.13 
 
The BET method of obtaining monolayer capacity and surface area measurements provides the 
most accurate values in cases where the substrate is planar and there is a sharp bend in the isotherm 
near Point B. This corresponds to a case where the value of c is large which occurs when the heat of 
adsorption is relatively high. Nitrogen is an example of an adsorbate which shows a sharp knee in many 
isotherms and is the most widely used adsorbate for the BET method of surface area determination [22].  
The agreement between the Point-B and BET methods varies [22]. The best agreement seems to 
be in cases where Point-B is sharply (unambiguously) identified and occurs within the pressure range 
corresponding to the linear BET plot. 
 
3.6 Isosteric Heat Calculations 
Equation 2.8 is easily applied to experimental adsorption isotherms. We start by looking at the 
values of the natural logarithm of the equilibrium vapor pressure at chosen values of coverage for each 
isotherm. This is aided by the dotted lines displayed in figure 3.7, which shows two isotherms of argon 
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adsorbed on opened carbon nanohorns at temperatures of 76.32 and 82.07 K. The values of coverage 
indicated in the figure are 1, 3, and 5 mmols. 
For each coverage, the values of ln(P) are then plotted vs the inverse of temperature of the 
corresponding isotherm, which is shown in figure 3.8a. The slope of these ln(P) vs. 1/T lines (each of 
which corresponds to a constant coverage) are multiplied by the negative of Boltzmann’s constant 
(0.08617 meV/K) to arrive at the isosteric heat as a function of coverage, seen in figure 3.8b. These 
argon isotherms are part of a larger data set (as with figure 3.4) and will be included in more involved 
calculations in a later chapter. 
 
 
Figure 3.7: Demonstration of the method used to find lnP vs. 1/T data for isosteric heat of adsorption 
calculations. Isotherms are from measurements of argon adsorbed on open carbon nanohorns. 
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(a) (b) 
  
Figure 3.8: Demonstration of isosteric heat of adsorption calculation 
(a) LnP vs. 1/T data calculated from the isotherms in figure 3.8. 
(b) Isosteric heat as a function of coverage calculated from data in (a). 
 
Typically, more than two isotherms and more than three coverages are used in these types of 
calculations. Adding more isotherms to the calculation results in values of qst that are much more 
reliable. Similarly, adding more coverages results in a plot of qst vs. coverage that is much more detailed 
which allows for the identification of features (typically, plateaus) corresponding to similar binding 
energy sites. At higher temperature ranges, the lnp vs 1/T lines at finite coverages might show lower 
slopes, indicating that an isosteric heat vs. coverage plot will be lower in magnitude as the average 
temperature increases. This due to an increase in the internal energy of the adsorbate and a 
corresponding decrease in the amount of energy given off (isosteric heat) as adsorption occurs. 
 Error bars can be generated for the isosteric heat vs. coverage plot by successively removing 
points from the Ln(P) vs. 1/T plot and noting by how much the slope changes. The maximum and 
minimum attained by the isosteric heat calculation after such a procedure is the min/max of the error 
bars. 
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At the highest coverages, the isosteric heat calculation should yield the bulk heat of 
condensation, or deposition, of the adsorbate species depending upon whether or not the temperature 
range is above or below the triple point temperature. If our calculated bulk heat of 
condensation/deposition isn’t within an acceptable proximity to the known value then we need to 
double check our methods.  
The general shape of an isosteric heat plot involving an adsorption system with strong 
interaction between substrate and adsorbate will result in a plot which (overall) decreases as coverage 
increases as in figure 3.8b. The heat of condensation/deposition will be the high coverage, lowest 
energy limit. This dependence of the heat of adsorption on coverage can sometimes be reversed in 
situations where the interaction between adsorbate molecules is larger than the interaction between 
adsorbate and substrate, as will be seen in the case of CO2 adsorption. 
 
3.7 Derivative of the Isotherm Calculations 
The term in parentheses in equation 2.13 can be obtained using adsorption isotherm data. The 
expression is approximated as, 
 
 ൬
𝑑𝑁
𝑑𝑃
൰ = ൬
𝑁௜ − 𝑁௜ିଵ
𝑃௜ − 𝑃௜ିଵ
൰ 3.14 
 
where the subscript i denotes the current point along the isotherm. Essentially the amount adsorbed of 
the previous point is subtracted from the amount adsorbed at the current point to approximate dN. 
Similarly, the value of equilibrium vapor pressure at the previous point is subtracted from the current 
point to approximate dP. Equation 3.14 can be thought of as the derivative of the isotherm, and is 
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proportional to the isothermal compressibility. Plotting dN/dP (or sometimes the logarithm of dN/dP) 
vs. coverage allows for certain features in the isotherm to be shown with more clarity than they would 
be by just looking at an isotherm of coverage vs. pressure (or the natural log of pressure).  
 
3.8 Kinetics of Adsorption Calculations 
As detailed in section 3.2, the location of each point along an isotherm is calculated partly from 
an initial and final pressure value (all other quantities are held constant). The rate of change of the 
pressure vs. time plot (figure 3.3), and the time it takes for the pressure to reach a constant value 
corresponding to equilibrium, vary according to the adsorbate-substrate combination, as well as other 
variables (section 2.5).  
The Linear Driving Force (LDF) model of equation 2.18 is useful for analyzing the kinetics of 
adsorption. Figure 3.9 shows plots of ln(1-θ) vs. time, using the same pressure data from figure 3.3. To 
calculate the fractional uptake (θ=M(t)/Meq), the final equilibrium value of pressure is first used to find 
the equilibrium coverage (Meq) via equation 3.5. For the mass loading at time t (M(t)), equation 3.5 is 
also used but with Pf replaced by the value of pressure at time t. This has been done for all three gauges 
and is shown in figure 3.9a. The steep region at the initial times is a result of gas rushing into the cell 
after the opening of V3 and the initial stage of adsorption. The steep drop at the very end of each plot is 
a result of equilibrium being attained as θ approaches 1 which causes the LDF plot to lose meaning since 
ln(0) is undefined. The time to reach equilibrium is different depending upon which gauge is chosen, and 
as a result, the lowest (most sensitive) gauge is usually used to determine the time it takes to reach the 
equilibrium value of pressure. In this case, the 1 Torr gauge is used to determine that the time to reach 
equilibrium is roughly 6 hours, or a little less.  
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The 1000 Torr gauge is less accurate and shows more noise at the lowest pressures, although it 
tracks pretty well with the 1 and 10 Torr gauges up until about 2 or 3 hours. In addition, the 1000 Torr 
gauge includes higher values of pressure in the initial region which are beyond the range of the lower 
gauges, allowing it show more detail in that initial time region. As a result, the 1000 Torr gauge is 
adequate to investigate values of the constant k of equation 2.18, if such information is useful. Whether 
the 1, 10, or 1000 Torr gauges are used to analyze this sort of kinetic data is dependent upon the specific 
adsorbate-substrate combination being studied and the pressures involved. 
 
(a) (b) 
  
Figure 3.9: Linear Force Model plots applied to experimental pressure data. The fractional coverage 
(θ) is the amount adsorbed at time t divided by the amount adsorbed at equilibrium. 
(a) LDF plots for the full range of pressure corresponding to a point on an isotherm. Data was 
measured using all available pressure gauges. 
(b) LDF plot corresponding to the 1000-Torr gauge isolated. The red dotted line corresponds to θ 
= 0.97 while the blue dashed line corresponds to θ = 0.99. 
 
In certain cases, it is useful to know how long it takes to reach values of fractional loading that 
are 99% (or any other %) of the equilibrium loading. A method for doing this is demonstrated in figure 
3.9b using data from the 1000 Torr gauge. The value of ln(1-θ) when 99% of the mass has been adsorbed 
at a point is about -4.61 and is indicated by the horizontal blue dotted line. It can be seen that the time 
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to reach this 99% value of fractional uptake is somewhat over 0.75 h. Finding the time it takes to reach 
97% of the equilibrium loading is similar and is indicated by the red dotted lines. A reason for doing this 
is that in some cases, the trends for the kinetics of adsorption for reaching full equilibrium differ from 
the trends pertaining to these “almost” equilibrium kinetics. Additionally, the closer the pressure comes 
to equilibrium, the more susceptible it is to variations due to electrical noise or room temperature 
variation. Sometimes this error makes the minimum time to reach equilibrium difficult to pinpoint. 
For this particular example taken from argon adsorption on open nanohorns data a full 99% of 
the mass is adsorbed in less than 1 hour. However, it takes another 5 hours for the last 1% of mass to 
adsorb and for the system to reach thermodynamic equilibrium. For accurate adsorption isotherm 
measurements, it is necessary to wait this extra time to allow the system to come to complete 
equilibrium.  
The question of whether or not waiting for just 99% of the mass to be adsorbed at a point and 
then prematurely moving on to the next point is addressed by considering figure 3.10 below. In the 
figure, isotherms of argon adsorbed on open carbon nanohorns at 76.32 K, are shown plotted linearly 
with pressure (on the left) and semi-logarithmically (on the right). The “100%” isotherms (filled squares) 
were calculated from equilibrium pressure values for all points. The “99%” isotherms (open squares) 
were calculated from the values of vapor pressure at only 99% of equilibrium loading for all points. The 
discrepancy is obvious for both plots. Any conclusions drawn from the location and pressure ranges of 
substeps in the “99%” data would be suspect. Additionally, certain calculations based on the data from 
these isotherms (isosteric heat, for instance), would likely be inaccurate if data from the “99%” 
isotherms were used. In such systems, it is better to wait for full thermodynamic equilibrium at all points 
along the isotherms depending upon what kind of information is to be extracted from the data. 
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(a) (b) 
  
Figure 3.10: Isotherms calculated using equilibrium pressure as Pf (filled squares) and pressure at a 
fractional uptake of θ = 0.99 as Pf (open squares).  
(a) Linear isotherm  
(b) Semi-logarithmic isotherm 
 
Another useful quantity for displaying kinetics of adsorption data is the fractional pressure 
change (FPC). It is simply defined as the difference between the pressure at time t and the equilibrium 
pressure, divided by the equilibrium pressure. The plots of FPC vs. time will look very similar to the 
pressure vs. time plots such as those of figure 3.3. The usefulness of FPC plots is that they allow more 
data to be shown with clarity in the same graph for the sake of comparison of kinetics of adsorption 
calculations. Often they will be plotted with the FPC axis displaying arbitrary units; the individual curves 
will be displaced either upward or downward for the sake of clarity, and comparisons of equilibration 
times. 
 
3.9 Error Analysis for Pressure Measurements and Temperature Calibration 
The pressure measurements, like those of figure 3.3, are subject to a certain amount of 
electrical noise, room temperature variations, and other instrumental errors. Additionally, pressure 
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measurements at low pressure will be subject to systematic error based on any minute outgassing 
within the system, or leaking to or from the atmosphere. 
The error analysis was carried out as follows: First, an amount of atmosphere was let into the 
dosing volume of only of one of the setups (the air was not exposed to an adsorbent). The pressure was 
then recorded over a roughly 24 hour period, with the data points recorded at 1 minute intervals. This 
process was repeated for systematically increasing pressures starting at roughly 0.01 Torr and ending at 
room pressure. Leak rates and standard errors were then calculated using the lowest scale pressure 
gauge that was in range. The standard error was calculated using the “standard error of estimate” 
function (=steyx) in Excel. The standard error of estimate is essentially a more general form of standard 
deviation, and is a measure of the spread of values about the curve or line of best fit. The results are 
summarized in table 3.2 and figure 3.11. 
 
Table 3.2: leak rate and standard error analysis from experimental pressure data 
at various approximate pressures. 
 
Approximate Pressure (Torr) Leak Rate (Torr/h) Std. Error (Torr)  
0.01 + 0.0002 ±0.00005 
0.1 + 0.0001 ±0.00004 
1 + 0.00008 ±0.0002 
10 - ±0.002 
100 - ±0.016 
760 - ±0.1 
 
It can be seen in table 3.2 that leak rates were only resolvable at the three lowest pressures, all 
using the 1-Torr gauge. This, of course, does not imply that there is no leaking at higher pressures, just 
that the higher scale gauges don’t resolve the leak rates which are negligible at those pressures anyway. 
A leak rate of approximately 0.1 to 0.2 milli-Torr per hour is small but does introduce a measure of 
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systematic error at low enough pressures. For most adsorption experiments, this systematic error is a 
small deviation. It is, however, not always negligible for adsorbing systems with longer than usual 
equilibration times which can occur when linear adsorbates are adsorbing on highly porous substrates.  
 
 
Figure 3.11: Standard error is calculated from the data of the lowest scale gauge for the approximate 
dosing volume pressure being considered. 
 
The standard error is shown graphically figure 3.11. Standard error increases linearly as the 
pressure of the system increases up to roughly room pressure (about 760 Torr). The trend line equation 
(with y being the standard error and x being the approximate pressure) can be used to determine the 
standard error at pressures intermediate between the data points given the R2 value of 0.9999. As an 
example, a recorded equilibrium pressure of 214.884 Torr from the 1000-Torr gauge would have a 
standard error of ±0.02 Torr, using the equation in figure 3.11 and keeping one significant digit. 
Additionally, the equipment manual for the MKS Baratron Type 220D pressure transducers that we use, 
gives a value of accuracy (accuracy includes non-linearity, hysteresis, and non-repeatability) of ±0.32 
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Torr. Taken together with the standard error above, the overall uncertainty is ±0.34 Torr. Thus, the 
pressure of 214.884 Torr would perhaps be more appropriately reported as 214.88 ± 0.34 Torr. 
This uncertainty has implications for the calibration of isotherm temperatures. For instance, if 
the pressure of 214.88 ± 0.34 Torr was a measure of the saturated vapor pressure of an adsorbing 
system, the standard error would have to be carried through the calculation of the isotherm 
temperature. As an example, I performed this calculation using the Antoine Equation (equation 3.12) 
with the pressure stated above as saturated vapor pressure with one of the sets of Antoine Equation 
coefficients provided for the case of propane vapor/liquid from the NIST website. By working through 
the calculation and carefully keeping track of significant figures I came up with a temperature of 205.93 
± 0.03 K: an uncertainty of about 30 mK.  
We can see the effect of using a lower pressure (and lower scale gauge) by considering a 
saturated vapor pressure of 2.1488 instead of 214.88 Torr. A measurement of 2.1488 Torr from the 10-
Torr gauge gives a standard error from the equation in figure 3.11 as ±0.0006 Torr. The uncertainty in 
accuracy for the 10-Torr gauge from the manual is calculated as ±0.0032 Torr (the same as the 1000 Torr 
gauge for the calculation in the previous paragraph). Thus, the pressure with total uncertainty is 2.1488 
± 0.0038 Torr. Performing the same calculation as from the previous paragraph with the Antoine 
Equation using the new pressure yields a temperature value of 155.04 ± 0.01 K.  
For the sake of completeness we can take this to the high extreme: near the pressure limit of 
the 1000-Torr gauge. For a hypothetical saturated vapor pressure measurement of 1000.0 Torr, the 
uncertainty from the equation in figure 3.11 is ±0.1 Torr. From specifications in the manual, the 
systematic uncertainty in accuracy is calculated as ±1.5 Torr, so the pressure with total uncertainty is 
1000.0 ± 1.6 Torr. Carrying through the same calculation as above using the same coefficients for 
propane gives a temperature of 237.41 ± 0.04 K. 
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To recap all of this, the uncertainty in the calibrated temperatures decreased from 40 mK, to 30 
mK, and finally to 10 mK, for hypothetical saturated vapor pressures of 1000.0 ± 1.6 Torr, 214.88 ± 0.34 
Torr, and 2.1488 ± 0.0038 Torr, respectively. It should be noted that these uncertainty measurements 
for the temperatures are for the specific case of one set of Antoine coefficients for the propane. Using a 
different set of coefficients for the same gas, or for a different gas, might yield different uncertainties.  
Alternatively, liquid/vapor saturation data plots are available from NIST, and using such a plot 
might lead to different levels of uncertainty in the temperature. A method for determining uncertainty 
in temperature by using the data plots from NIST is to find the temperature at the maximum and 
minimum values of the saturated vapor pressure and to use that range of values as the uncertainty in 
temperature. I did this for propane data using the value for saturated vapor pressure of 214.88 ± 0.34 
Torr from above, and came up with a temperature value of 205.90 ± 0.03 K; the same 30 mK of 
uncertainty as above. 
With the way I’ve calculated it here, most of the uncertainty originates in the systematic error 
that is inherent in the MKS Baratron Type 220D pressure transducers, even at the highest pressures 
where the calculated standard error from experimental data in table 3.9 is the highest.  
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CHAPTER 4  
SUBSTRATES 
 
4.1 Carbon Nanotubes  
Although carbon nanotubes might have been unintentionally produced as early as the late 19th 
century [9], Sumio Iijima is often credited as the first researcher to produce and identify their structure 
[9] [48], using an electric arc discharge apparatus [49] [50] in 1991. Carbon nanotubes are a form of 
single layer hexagonal carbon (graphene sheets) arranged in a hollow cylinder formation, as shown 
schematically in figure 4.1. Two types of carbon nanotubes are multi-walled carbon nanotubes 
(MWCNTs) and single wall carbon nanotubes (SWCNTs). MWCNTs are comprised of more than one 
cylindrically arranged concentric layer of graphene with a separation between layers of 0.34 nanometers 
(slightly greater than the typical spacing between layers in graphite) [48]. They can be up to several 
microns in length with an outer diameter of anywhere between 2 and 25 nanometers depending upon 
the number of layers present [48]. SWCNTs are composed of only one cylindrical sheet of graphene. 
These can be up to several microns in length with a typical diameter of between 1 and 2 nm [48]. In their 
as-produced forms, both MWCNTs and SWCNTs are blocked at the ends by hemispherical caps. 
At least three major methods exist to produce carbon nanotubes [9]. The arc discharge method 
(used by Iijima) involves producing an arc between two carbon electrodes packed with a transition metal 
and graphite powder in an inert gas environment. The arc vaporizes the carbon and the nanotubes 
deposit on the negative electrode. Laser ablation is another method which involves using a laser (often 
CO2 or YAG) to vaporize carbon which can then deposit as nanotubes on a substrate. The laser is focused 
on a target composite consisting of carbon doped with catalytic metals in an inert gas environment. 
Chemical vapor deposition (CVD) is a method in which a chemical reaction of a mixture of carefully 
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selected vapors (one of which is a hydrocarbon) also results in the deposition of carbon nanotubes on a 
substrate. CVD seems to be the simplest and most economically feasible method for producing large 
quantities of either type of nanotube: multi-walled or single-wall [9]. 
 
(a) (b) 
 
 
Figure 4.1: Both images are reproduced from reference [48]. 
(a) Schematic of a SWCNT showing the hexagonal carbon arrangement. 
(b) TEM image of SWCNT bundles. The scale bar in the bottom left corner is 5nm long. 
 
Owing to the existence of van der Waals interactions, SWCNTs will often form bundles of up to 
200 nanotubes [51]. Within these bundles, the individual nanotubes will mostly be parallel to each other 
and arranged in a triangular array when viewed end on as seen in figure 4.1. A schematic of a perfectly 
homogeneous SWCNT bundle is shown in figure 4.2. The two black disks in the upper left corner are to 
show the kinetic diameters of He (0.26 nm) and Xe (0.48 nm), which are roughly to scale if the generic 
SWCNTs depicted in the figure are assumed to be 1.5 nm in diameter.  
In addition to being of fundamental physical interest for adsorption studies, the potential 
applications of carbon nanotubes are many due to their electronic, mechanical, thermal, and magnetic 
properties [9]. Some of these uses include gas storage, molecular filtration systems, chemical sensors, 
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and nano-electronic devices [9]. For chemical sensing in particular, adsorption and desorption of gas 
molecules are often integral parts of the process [10]. One method for chemical sensing via 
adsorption/desorption processes is based on the fact that for carbon nanotubes, the electrical 
properties (resistance, density of states, thermoelectric power) can change when the material is 
immersed in a different chemical environment [10]. Methods can be employed to measure the changes 
in those electrical properties. Several criteria are important when considering a material for gas sensing 
applications and these criteria include molecule sensitivity and selectivity, and response and recovery 
times [10]. Those gas sensing criteria can be investigated via adsorption experiments.  
Four potential binding energy sites are depicted in figure 4.2 which are indicated by the arrows 
and labels. The nanotube interiors are not available for adsorption in the as produced form. However, 
the ends of the nanotubes can be opened making the interiors available for adsorption to certain 
adsorbates if the nanotubes are subject to appropriate chemical or mechanical treatment. Further 
heating is needed after the purification to remove functional groups that attach during the purification 
process [52]. The interstitial channels are the spaces in between the nanotubes and are unavailable for 
adsorption in the case of homogeneous, pure, bundles [53]. The interstitial channels can become 
available for adsorption if defects are present, or if the nanotube bundles are inhomogeneous with 
regard to their individual diameters. Either scenario can cause a portion of the interstitial channels to 
increase in effective diameter, allowing sufficiently small guest particles to adsorb within. The groove 
sites are located at the intersection of two external nanotubes and are generally available for 
adsorption. Along these groove sites (which constitute the highest binding energy sites when the 
interstitial channels and interior of the nanotubes are inaccessible) quasi 1-D films can form [51]. 
Experimental realization of matter confined in one dimension is of fundamental interest [51].  An 
example of quasi 1-D confinement in the groove phase can be seen in figure 4.2b for the case of a 
hypothetical adsorbate indicated by the red disks. The convex outer surfaces of the individual nanotubes 
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on the periphery of the bundles are also available for adsorption. Adsorption will occur on these convex 
outer surfaces line by line starting at the site nearest the groove phase and moving outward until a 
monolayer is built up. The number of lines that can form along the outer convex region of the nanotubes 
in a bundle before the monolayer is complete depend on the size of the adsorbate [54]. For instance, 
Xenon forms at least three lines on the outer convex region of the nanotubes while Argon can form up 
to six lines [54]. CF4, on the other hand, has been shown to only form two lines along the outer convex 
surface before the completion of one effective monolayer [55]. 
 
(a) (b) 
 
 
Figure 4.2: Generic homogeneous SWCNT bundle 
(a) Bundle viewed end-on. He and Xe are shown roughly to scale by the black disks. Four 
adsorption sites are labeled and indicated by the arrows. 
(b) An adsorbate (red circles) filling the quasi-1D groove layer. 
 
SWCNT bundles constitute an energetically heterogeneous system possessing a degree of 
porosity which depends largely on whether or not the interstitial channels and nanotube interiors are 
available for adsorption. When the ICs and interiors are unavailable for adsorption, specific surface area 
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measurements will give similar values for adsorbates of different cross-sectional areas measured at 
similar reduced temperatures [56], indicating that they occupy the same sites (i.e., the grooves and 
outer convex surfaces) regardless of their size. For instance, Ne, Ar, CH4, and Xe give values for effective 
specific surface area of 450, 468, 464, and 455 m2/g, respectively, when adsorbed on SWCNTs [56]. 
These values are all in very good agreement despite the size difference of the adsorbates used in that 
study. Having surface area measurements in agreement like that is similar to the way in which 
adsorbates of different sizes should yield similar values for surface area when they adsorb on the same 
planar substrate, although I should stress again that SWCNT bundles are far from being planar.  
Semi-logarithmic isotherms of many adsorbates reveal at least two easily resolvable substeps 
corresponding to the binding energies of the adsorption sites being occupied [51]. Assuming the ICs and 
interiors are again unavailable for adsorption, the lowest-pressure/highest-energy substep corresponds 
to adsorption on the grooves while the higher-pressure/lowest-energy substep corresponds to 
adsorption on the outer convex surfaces [51]. Adsorbates for which semi-log isotherm substeps are 
easily resolvable include Xe [54], Ar [54] [57], Ne [56], CF4 [55], H2 [57], and O2 [57]. Other adsorbates, 
however, show isotherms with smoothed out substeps or no substeps at all when adsorbed on SWCNTs. 
This can be for various reasons such as effects due to adsorbate linearity as is the case for propane and 
longer alkanes [58]. Effects due to permanent electric moments of adsorbates can also cause isotherm 
substep smoothing which is the case for carbon dioxide [57]. 
The isosteric heat of adsorption has been measured as a function of coverage for many 
adsorbates on SWCNTs. The trend for most is that the energy decreases as coverage increases until the 
value corresponding to the bulk heat of condensation or deposition is reached. This is true for a series of 
linear alkanes (ethane, propane, and butane) [58], H2, D2, O2, Ar, CH4 [57], and CF4 [55]. A notable 
exception to that trend is for the case of CO2 in which the energy increases as coverage increases 
towards the bulk value [57]. That fact will be discussed more thoroughly later in this dissertation and our 
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experimental results will be compared to those from the Bienfait study [57]. For adsorbates which form 
distinguishable phases corresponding to adsorption on the groove and outer surface sites (Xe and Ar, for 
example) the heats of adsorption for the groove sites are greater than those for graphite, while the 
heats of adsorption for the outer convex sites are less than those for graphite [51].  
Trends for adsorption kinetics on carbon nanotubes have been explored for many adsorbates. 
For adsorption of H2 and CF4 on the grooves and external surfaces of nanotube bundles [37], 
equilibration times were shown to decrease with increasing coverage for individual isotherms. Also, for 
a set of isotherms of the same adsorbate-substrate combination, equilibration times decrease as 
temperature increases for a given coverage. Similar kinetic trends were also observed for Ar and CH4 
adsorption on close ended SWCNTS [59]. Additionally, wait times decrease as the binding energy of the 
adsorbate decreases since the lower the binding energy, the more pressure is needed for a given site to 
be filled [37].  Essentially, higher pressure means more atoms or molecules are available for adsorption 
and so the sites get filled faster.  
Somewhat different trends occur for adsorption kinetics of linear alkanes on close ended 
SWCNTs [60]. Kinetics for methane and ethane follow the same trends just discussed in the previous 
paragraph. The trends for propane and butane, however, are reversed in some aspects; for those two 
longer alkanes, the time to reach equilibrium increases as coverage increases along an isotherm. The 
reason for this reversal, speculated in that same reference, is that longer adsorbates (such as pentane 
and butane) pack less efficiently which leaves open potential adsorption sites and the adsorbate must 
reorient as coverage increases for more molecules to fit into those available sites. 
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4.2 Carbon Nanohorns  
Single wall carbon nanohorns (SWCNHs) are another form of graphitic carbon similar in many 
ways to SWCNTs. They were first produced by Iijima using a laser ablation technique similar to that 
which was used to produce carbon nanotubes with the exception that no metal catalyst was present for 
the case of nanohorn production [61]. A nanohorn can be thought of as a horn shaped nanotube which 
ends in a roughly 20 degree taper, rather than a half hemispherical cap as in close ended SWCNTs. The 
length of a typical nanohorn is 30 to 50 nm, while the width of the cylindrical region away from the 
tapered tip is 2 to 5 nm (slightly wider and more irregular in diameter than a typical SWCNT). Much like 
the way in which SWCNTs form bundles, SWCNHs can form into one of at least four different varieties of 
aggregates: dahlia-like [62], bud-like [62], seed-like [11], and petal-like [63]. Each has a slightly different 
morphology.  
Dahlia-like, and Bud-like aggregates can both be formed by a procedure involving a CO2 laser 
vaporization technique [62]. In that technique, a graphite rode 50 mm long and 30 mm in diameter is 
focused on by a CO2 laser of wavelength 10.6 µm. Nanohorn aggregates form in the vapor that is 
produced. The vaporization experiments are executed at room temperature but a buffer gas is run 
through the chamber at a controlled pressure. The variety of aggregate that is produced is dependent 
upon the gas and pressure used in the experiment. If Ar is used as the buffer gas at a pressure of 760 
Torr, dahlia-like aggregates form with a yield of 95% (the other 5% being bud-like). If He, or N2 gas is 
used at a pressure of 760 Torr, bud-like aggregates form with yields of 70 and 80%, respectively.  
Dahlia-like aggregates (figure 4.3) are spherical [61] [62], and are arranged such that the ends of 
the nanohorns stick out and are roughly situated in a radial manner. The overall diameter of a typical 
dahlia-like aggregate is 80-100 nm. The regions in between the individual nanohorns in the aggregates 
are roughly conical, and the walls of the nanohorns are largely intact in the as-produced form.  
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Bud-like aggregates are similar [62] with the exception that the individual nanohorns do not 
protrude outward from the aggregate and remain encapsulated within the sphere. 
Petal-like aggregates have been observed to form as a result of a modified CO2 laser 
vaporization technique [63] which increased the yield of nanohorns to 1 kg/day. Petal-like aggregates 
are similar in size to dahlia-like aggregates. The defining characteristic of petal-like aggregates is that 
they contain up to 10 or more graphite-like plates which resemble the petals of a flower protruding 
from the spherical aggregate. These plates are up to 50 nm wide and 2 to 3 nm thick and are made of 5 
to 10 graphene sheets.  
Seed-like aggregates are characterized by a nanohorn tubule shape which is thin and bumpy 
[11]. 
Holes can be formed in the nanohorns by a procedure involving oxidation in air followed by 
hydrogen peroxide treatment [64]. The oxidation is carried out by slow combustion. This involves a slow 
increase in temperature up to between 300 and 600°C in air. The drawing in of carbonaceous dusts is a 
concern for adsorption experiments since it would reduce the surface area available for sorption. This 
method of slow combustion has been shown to generate few of these carbonaceous dusts [64]. 
The conical morphology of the porous regions in both open and closed dahlia-like nanohorns 
(figure 4.4) is fairly unique. This makes them an interesting adsorbent since it allows researchers to 
study the physics and chemistry of matter confined in conical pores. There are various applications for 
carbon nanohorns as well. Changing the size of the holes in opened nanohorns allows them to be used 
as molecular sieves [11]. Other uses include supporting chemical catalysts, doping with Pt and using 
them as electrodes in fuel cells, and as nano-sized reaction chambers [11]. One particularly interesting 
application is drug delivery. Chemically opened nanohorns have a size and shape well suited to drug 
delivery applications and in particular can carry and supply the anti-cancer drug cisplatin to cancerous 
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tissue [12]. A material’s use as a drug carrier depends on its ability to retain the drug as a guest particle 
within its structure and hold on to the drug long enough to reach the unhealthy tissue for delivery [12]. 
In principle, adsorption experiments such as those presented later in this dissertation can shed light on 
such material properties. 
Four potential adsorption sites have been identified in aggregates of dahlia-like SWCNHs (which 
is the type of aggregate used in the experimental studies in this dissertation) and they are shown in 
figure 4.4 in an idealized manner. The aggregates constitute a very heterogeneous substrate and in 
reality, the division into four clear and distinct adsorption sites is a simplification. The binding energy 
can vary smoothly between the conical regions and the surfaces and a real image of an aggregate shows 
a much more chaotic arrangement [61], as seen in figure 4.3.  
 
(a) (b) 
 
 
Figure 4.3: TEM micrographs of dahlia-like nanohorn aggregates reproduced from ref [61] 
(a) A few spherical aggregates 
(b) Close up of individual nanohorns sticking out from the aggregates. 
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In the closed (as-produced) form of dahlia-like nanohorn aggregates, two of the adsorption sites 
of figure 4.4 are accessible by adsorbates: the interstitial pores and the exterior surfaces. In a 
comparative theoretical and experimental study involving Ne and CF4 adsorption on closed nanohorns, 
these two different adsorption sites were modeled theoretically as having two different discrete binding 
energies [65]. Though an approximation, this resulted in favorable comparisons between the theoretical 
and experimental isotherms which showed that there are two substeps in the isotherms corresponding 
to the two different adsorption sites accessible to Ne and CF4. A low coverage/high binding energy 
substep corresponded to adsorption in the interstitial pores while a high coverage/lower binding energy 
substep corresponded to adsorption on the external surface sites. This was true for both Ne and CF4 
even though their sizes are different which was attributed to the roughly conical morphology possessed 
by the nanohorn aggregates [65].  
In the chemically opened variety in which holes have been formed in the nanohorns, all of the 
adsorption sites of figure 4.4 are potentially accessible by adsorbates. However, experimental semi-
logarithmic isotherms of Ne on opened nanohorn aggregates still only show two substeps corresponding 
to binding energy sites [66]. This is because the binding energy for the intra-nanohorn pores and the 
interstitial pores are similar, and therefore both regions become occupied by adsorbate at roughly the 
same pressure. The interior and exteriors surfaces also have similar binding energies and therefore also 
get filled by adsorbate at roughly the same pressure. 
Unlike bundles of as produced SWCNTs, nanohorn aggregates are highly porous and will show 
different effective surface areas depending upon the size of the adsorbate. The pores are conical, and 
therefore smaller adsorbates will be able to fill the deeper regions more effectively, and will give higher 
values of effective specific surface area relative to larger adsorbates. This applies to both opened and 
closed nanohorns since the pores are conical in either case. For the closed nanohorns, ESSA values have 
been reported for the adsorption of Ne, CO2, and CF4, as 393, 358, and 288 m2/g, respectively [67]. These 
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values were calculated from effective monolayer capacity measurements taken from isotherms at a 
relative temperature of roughly 0.57 (in those studies, the critical temperature was the scaling factor). 
Neon has the highest ESSA of those three because it is the smallest adsorbate here, while CF4 has the 
smallest ESSA because it is a larger molecule than the other two. On chemically opened nanohorns, 
values of the ESSA for Ne, and CO2 have been reported as 1077, and 850 m2/g, respectively [66]. The 
increase of a factor of roughly 2.5 in the ESSA of opened nanohorn aggregates compared to closed 
aggregates is readily understandable given the additional adsorption sites that are available as a result 
of the opening of the nanohorns. 
 
(a) (b) 
  
Figure 4.4: Schematic Nanohorn Figures 
(a) Schematic of a cross-section of a generic dahlia-like nanohorn aggregate. Adsorption sites are 
labeled and indicated by the arrows.  
(b) Hypothetical adsorbate occupying the different adsorption sites: 
1. Interstitial Pores 
2. Intra-Nanohorn Pores 
3. Internal Surface 
4. External Surface 
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Isosteric heat as a function of coverage measurements have also been obtained from the same 
references in the previous paragraph. For Ne and CF4 on closed nanohorns, the isosteric heat decreases 
as coverage increases and both plots display plateaus corresponding to binding energy sites and bulk 
latent heat. For CO2, the isosteric heat is less than the bulk latent heat for most of the coverage range 
which is a behavior seen in many studies involving CO2 adsorption. This is discussed in more detail in the 
section concerning CO2 adsorption on SWCNTs in this dissertation. For Ne and CO2 adsorption on open 
nanohorns, the same trends are observed as in the closed nanohorns, with the exception that Ne shows 
a clearer substep at lower loading corresponding to high binding energy sites. 
Kinetic results have only been obtained thus far for the case of Ne and CO2 adsorption on open 
nanohorns [66]. In that reference, neon adsorption kinetics show that as the coverage increases, the 
time to reach equilibrium decreases. This is a common trend for gases adsorbed on planar substrates 
because as the pressure increases (at higher coverages) more adsorbate is available for adsorption and 
the sites get filled faster. For CO2 the trend was reversed; the time to reach equilibrium increased as the 
coverage increased. The change in kinetics in that reference was attributed to the difference in the 
relative strength of the adsorbate-adsorbate and adsorbate-substrate interaction. The adsorbate-
substrate interaction for CO2 is effectively reduced due to the effects of its permanent quadrupole 
moment. 
 
4.3 Zeolitic Imidazolate Framework-8 (ZIF-8)  
Metal organic frameworks (MOFs) are materials with crystalline structures consisting of 
alternating metal units and organic ligands [68]. These materials are made using a process called 
reticular synthesis which involves constructing the material piece by piece using molecular building 
blocks [68]. This method is more directed than most other methods which historically depended in large 
63 
 
part on happenstance. Using reticular synthesis, MOFs can be tailored to have specific predetermined 
physical and chemical properties such as high stability, tunable metrics, organic functionality, and 
porosity. As many as 11,000 or more varieties of MOF exist [68]. The robustness and the scaffold-like 
nature of many MOFs yields structures with very high porosity. For instance, effective surface areas 
have been reported as high as 2900 m2/g [68]. 
A particular variety of MOF are the zeolitic imidazolate frameworks (ZIFs) [13]. In ZIF materials, 
imidazolate (C3H3N2) is the organic linker which connects tetrahedral metal units. In ZIFs, the metal-
imidazolate-metal bond angle is close to 145⁰ which is similar to the bond angle of Si-O-Si in zeolite 
materials. Zeolites are crystalline porous materials used in industrial applications such as petrochemical 
cracking, and ion-exchange. The synthesis of ZIFs is part of the effort to incorporate transition metals 
and organic units into the zeolite structure [13]. One property of ZIFs that makes them unique amongst 
the MOF materials is that they possess exceptional chemical and thermal stability, and a promising 
application for ZIF materials is in the field of catalysis [13].  
The imidazolate linkers and tetrahedral metal units of ZIFs can be combined into many different 
topologies [13]. For instance, a few varieties of ZIFs (ZIF-7, ZIF-8, and ZIF-9) possess a structure similar to 
the mineral sodalite [13]. This sodalite structure is shown for ZIF-8 in figure 4.5a. In ZIF-8, the metal in 
the tetrahedra is zinc and the individual cells shown in figure 4.5a are connected by 4 membered rings 
(red squares) and 6 membered rings (blue hexagons). Figure 4.5b shows one of the cells of ZIF-8 with 
more detail. From single crystal x-ray analysis of ZIF-8, the 6 membered rings are 3.4 Å in diameter while 
the 4 membered rings are of much smaller diameter [13]. The open space within the cages (indicated by 
the yellow sphere in figure 4.5b) are 11.6 Å in diameter [13]. As with many MOFs, the scaffold-like 
nature of ZIF-8 which leads to large porosity yields large values for the effective surface area calculated 
from adsorption isotherms. For ZIF-8 this value of surface area based on Type I nitrogen isotherms 
(indicating microporosity) and the BET method gives a value of 1,947 m2/g [13]. The pore volume is 
64 
 
given as 0.663 cm3/g [13]. The thermal and chemical stability of ZIF-8 have also been shown to be 
remarkable [13]. Thermal stability refers to the material’s ability to retain its structure as the ambient 
temperature is increased; it can be determined by thermal gravimetric analysis. Chemical stability can 
be determined by placing the material in various solutions (such as water, benzene, or methanol) at 
temperatures near the boiling points for those respective substances and measuring how long the 
material retains its structure.  
 
(a) 
 
(b) 
 
Figure 4.5: Structure of ZIF-8 reproduced from reference [13]. 
(a) Tiling diagram showing the sodalite structure. 
(b) Single cage with ZnN4 tetrahedra in blue. Imidazole linkers are in between the tetrahedra. 
 
High pressure diamond-anvil experiments demonstrated that ZIF-8 has a flexible framework 
[69]. It was reported that while ZIF-8 was submerged in a hydrostatic medium consisting of methanol 
and ethanol at a pressure of 1.4 GPa and at room temperature, the organic imidazolate ligands 
reoriented themselves causing an increase in the size of the channels linking the individual cages of ZIF-
8. The result of this is an increase in the effective pore volume as it allows for the passage of particles 
through the six-membered windows that would otherwise be too large to fit. Since there are two 
different structures depending upon the experimental conditions, ZIF-8 is referred to by two different 
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names: ZIF-8 AP for the as-produced structure at room temperature and pressure, and ZIF-8 HP for the 
high pressure structure with increased pore volume and effective surface area. Diagrams of both 
structures of ZIF-8 can be seen in figure 4.6. This rotation of the organic imidazolate linkers and the 
corresponding increase in available pore volume has been termed “gate-opening.” 
Evidence is presented in various studies [70] [71] [72] [73] that the gate-opening effect in ZIF-8 
can also be induced by sorption at low temperatures and pressures. In one study by Ania et al. [70], 
adsorption studies were conducted on ZIF-8 at two temperatures (77.3 and 90.2 K) for four different 
gases: Ar, O2, N2 and CO. Multiple substeps were reported in the isotherms for all the studied gases at 
pressures below that of the respective saturated vapor pressures. One low coverage substep was 
attributed to adsorption on ZIF-8 AP for all gases. For Ar and O2, an extra substep was present before 
saturation which was attributed to adsorption on the ZIF-8 HP structure. Essentially, for a given 
temperature, gate opening occurs at a certain threshold pressure or degree of sorbent loading for each 
gas which causes a sudden increase in available pore volume and results in increased uptake and a 
substep in the isotherm. For N2 and CO there was also reported a substep corresponding to adsorption 
on the ZIF-8 HP structure as well as a third substep. This third substep was located at a coverage 
intermediate between those corresponding to adsorption on the AP and HP structures and was 
attributed to rearrangement of adsorbed particles as a result of electrostatic effects due to the polar 
nature of N2 and CO [70] Desorption data was also provided in the study by Ania, et. al. [70], for all of 
the gases studied. It was remarked that the pressures at which the desorption branches depart from and 
reunite with the adsorption branches are not consistent with capillary condensation in mesopores and is 
likely due to the occurrence of gate opening [70]. 
A temperature dependence of the structural transition was hinted at in the study by Ania et al. 
[70]. This temperature dependence has been further explored in a few other studies [73] [72]. Gallaba et 
al. measured seven isotherms of Xe adsorbed on ZIF-8 at temperatures between 95 and 160 K. Of those 
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isotherms, the five measured below 148 K showed a clear gate-opening related substep. As temperature 
increased, the G.O. substep moves progressively closer to the step corresponding to saturated vapor 
pressure until it disappears entirely at and above 148 K. In the paper, the authors discuss the possibility 
that the structural transition is still occurring even at pressures at which the isotherms do not show the 
G.O. related substep. The isosteric heat of adsorption was also measured as a function of sorbent 
loading. The isosteric heat displayed a clear peak in the data in the region of the G.O. substep. Based on 
that heat of adsorption data, arguments were presented to suggest that an upper bound for the heat of 
the gate opening transition is roughly 36 meV. The kinetics of adsorption were also reported on in that 
study and showed that the time to reach equilibrium was unusually non-monotonic. At first, the time 
decreased as coverage increased. Then in the region of the G.O. substep, the wait times jumped to a 
higher value. Then at higher coverages, beyond the G.O. substep, the wait times decreased again. The 
authors attributed this unusual behavior to gate opening and subsequent filling of the additional pore 
volume that becomes available. 
 
  
Figure 4.6: Structure of ZIF-8 reproduced from reference [69]. 
(a) ZIF-8 AP 
(b) ZIF-8 HP with the reoriented imidazolate linkers. 
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Studies of other gases adsorbed on ZIF-8 found isotherms do not show substeps. One study by 
Fairen-Jiminez et al., [74] compares simulations with experimental isotherms for CH4, CO2, ethane, 
butane, and propane. For CH4 and CO2, two isotherms were measured at different temperatures: 125 
and 300 K for CH4, 196 and 273 K for CO2. For each of the linear alkanes, only one isotherm was 
measured at 273 K. None of the gases in that study showed an isotherm with resolvable gate opening 
related substep at the temperatures measured; on the other hand, results from the simulations suggest 
that the gate opening effect is likely still taking place for all these gases. This is because the authors 
needed two different configurations of the simulated ZIF-8 structure (one for the AP structure, and one 
for the HP structure) in order to accurately predict the experimental isotherms. Isosteric heats of 
adsorption vs. coverage plots were also reported for CH4 and CO2. Both plots show the heat of 
adsorption increase linearly as coverage increases but the coverage range is somewhat limited and only 
goes up to 10 mmols/g for CH4, and 8 mmols/g for CO2.  
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CHAPTER 5  
CO2 ADSORPTION ON PURIFIED HIPCO SINGLE-WALL CARBON 
NANOTUBES 
 
5.1 Introduction 
Research on adsorption of CO2 is a very active field given the warming effect that CO2 has on the 
atmosphere. A method for limiting the amount of CO2 that gets into the atmosphere is to capture it 
from the flue gas of fossil-fuel based power plants. Strategies for doing this which involve sorption in 
some way include post-combustion capture, pre-combustion capture, and oxy-fuel capture technologies 
[1]. Various solid sorbents have been used for such carbon capture techniques including activated 
carbons [1] [2], zeolites [1] [2], mesoporous silica [2], and metal-organic frameworks [1] [2]. Certain 
criteria are useful in evaluating the suitability of sorbent materials in carbon capture technologies. These 
criteria are adsorption capacity, CO2 selectivity, heat of adsorption, substrate stability under extreme 
conditions, adsorption/desorption kinetics, and cost [1]. Although power plants tend to operate at high 
pressures and temperatures, the volumetric adsorption setups in our lab are well suited to study most 
of these criteria at a research level. 
Of fundamental relevance in the case of CO2 adsorption is the fact that the molecule is linear 
and has a relatively large permanent electric quadrupole moment of 0.65 Q/e [75], where e is the 
electron charge. To put that value in perspective, the permanent quadrupole moments of N2 and CO 
are, respectively, 0.27 and 0.34 Q/e, while those of O2 and H2 are somewhat less than about 0.1 Q/e 
[75]. The relatively large quadrupole moment of CO2 accounts for up to 50% of the cohesive interaction 
between CO2 molecules in the solid phase [76], and in an adsorption experiment it can result in 
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adsorbate-adsorbate interactions that are stronger than adsorbate-substrate interactions [77]. This can 
have drastic effects on the adsorption properties of CO2. In fact, due to this enhanced adsorbate-
adsorbate interaction, CO2 does not wet the surface of graphite at temperatures below about 100 K 
[76]. This means that a film doesn’t form on graphite below this temperature because the formation of 
bulk CO2 is energetically favored. Additionally, the heat of adsorption on graphite at most coverages is 
smaller than the bulk heat of condensation/sublimation for CO2 on graphite [76]. 
Two studies of CO2 adsorption on carbon nanotubes that are relevant here exist with some 
contradictory results. In one study the isosteric heat of adsorption was reported to be about 234 meV 
for adsorption in the groove phase [57], while in the other the isosteric heat was reported to be about 
24 meV [78]. The most reasonable explanation for the discrepancy is that a factor of ten was simply left 
out of one of the calculations by Cinke, et al. since a value of 24 meV is much too low for adsorption (24 
meV is smaller than the heat of adsorption for neon on the same substrate). In any case, the rather large 
discrepancy is additional motivation for further study.  
 
5.2 Experimental Details 
The substrate used in this experiment was 0.1106 grams of purified HiPco SWCNTs. HiPco stands 
for high pressure carbon monoxide and refers to a chemical vapor deposition process which is used to 
produce SWCNTs [79]. Though the SWCNTs were subject to purification, they were not heated 
sufficiently to remove any functional groups. Consequently, the internal regions of the individual 
nanotubes are not accessible for adsorption. The substrate was only mildly heated under vacuum to 
remove any adsorbed particles prior to starting the experiment. Additionally, the nanotubes were 
expected to be mostly homogeneous, and so the interstitial channels should not be available for 
adsorption, with the exception of potential defects. 
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The experimental apparatus and procedure described in chapter 3 was used for all adsorption 
studies in this dissertation 
 
5.3 Isotherms 
Semi-logarithmic and linear isotherms for CO2 adsorbed on purified HiPco nanotubes are 
presented in figures 5.1 and 5.2, respectively. Specific amounts adsorbed are shown in units of mmols/g. 
Six isotherms were measured in a temperature range approximately between 146 and 207 K. Two of 
those isotherms, at approximately 146 and 158 K, were measured at pressures high enough to include 
the saturated vapor pressure and they were used for temperature calibration in the manner described 
in chapter 3. The bulk triple point temperature of carbon dioxide is 216.58 K [80], which is higher than 
the temperatures of all the isotherms reported here. Consequently, the near vertical steps at the highest 
coverages for the 146 and 158 K isotherms correspond to the formation of solid CO2 in coexistence with 
the vapor. 
As was discussed in section 4.1, for many common adsorbates, a semi-logarithmic isotherm plot 
on carbon nanotube sorbents will show at least two easily resolvable substeps (at coverages below that 
corresponding to saturation of the bulk phase), corresponding to adsorption on the grooves and on the 
convex surfaces of the outer nanotubes in the bundles, respectively. Notable in figure 5.1 is the absence 
of any such substeps. The isotherms are smoothly convex to the logarithmic pressure axis for all 
coverages below that which corresponds to saturation. It can be said that the isotherms are smeared 
out relative to a situation where substeps might otherwise be expected. It is likely that this smearing is 
due to the strong adsorbate-adsorbate interaction via the quadrupole moment of CO2; CO2 molecules in 
the vapor and film interact more strongly with one another than they do with the surface of the 
nanotubes. The isotherms substeps that would correspond to the effect of having two groups of 
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different binding energy sites (namely, the grooves and outer convex regions) are smeared due to the 
strong interaction between the quadrupole moments.  
 
 
Figure 5.1: Semi-logarithmic isotherms of CO2 adsorbed on purified HiPco SWCNT bundles. 
 
Other adsorbates have shown degrees of smearing in semi-logarithmic isotherms when 
adsorbed on purified HiPco SWCNTs, namely certain linear alkanes of sufficient carbon chain length [58]. 
As shown in that same paper, as the chain length of the alkane adsorbate increases, the higher-
coverage/lower-binding-energy substep corresponding to adsorption on the outer nanotube convex 
exterior regions, gradually becomes smeared out by degrees. This step is very pronounced for methane, 
somewhat pronounced for ethane and propane, and disappears entirely for butane. The lower-
coverage/higher-binding-energy substep, however, is present and easily identifiable in all cases 
regardless of chain length. The smearing described in that paper was attributed to the size-entropy 
effect, which refers to an increasing contribution of the entropy dependent term to changes in the free 
energy (see section 2.2) due to the linearity and increased degrees of freedom of the alkane adsorbates 
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larger than methane. Essentially, even over a group of adsorption sites of similar binding energy the 
changing entropy term (-TΔS) causes the free energy to change enough from one point to the next on an 
isotherm that the chemical potential (which is proportional to lnP) changes too much to show a near 
vertical substep. The smearing effect doesn’t occur for substeps corresponding to the higher binding 
energy sites because in that case the U term of the free energy dominates and entropy effects aren’t as 
noticeable. This smearing also becomes more prominent at higher temperatures [58] since the entropy 
is multiplied by temperature in the expression for free energy. 
 
 
 
Figure 5.2: Linear isotherms of CO2 adsorbed on purified HiPco SWCNT bundles. Isotherms are of Type 
II with a broad knee. 
 
It seems that the effects of attractive adsorbate-adsorbate interactions for the CO2 – SWCNT 
system produces smearing even more pronounced than the smearing described in the previous 
paragraph for the linear alkanes. In the alkane paper, the isotherms compared were all at a reduced 
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temperature of roughly 0.5. The reduced temperature is defined in this case as the ratio of the 
temperature of the isotherm to the critical temperature of the adsorbate. The critical temperature of 
CO2 is 304 K [80], which makes the isotherm at 146 K at a reduced temperature of 0.48. This isotherm at 
146 K in figure 5.1 shows no substeps, even for the higher binding energy groove phase. Technically, CO2 
is also a linear molecule and therefore it might be appropriate to propose that some of the smearing 
might come from the size-entropy effect or adsorbate reorientation. Since CO2 is smaller than all of the 
linear alkanes, however, the effects of linearity are probably less important than the effects of 
permanent polarity. 
The linear isotherms of figure 5.2 can perhaps be classified as Type II, with a very broad knee. 
Application of the BET method (even though nanotube bundles aren’t homogeneous) to the isotherm at 
158 K reveals a c value of approximately 54.  
 
5.4 Effective Specific Surface Area 
The Point-B, and BET, methods were both used to determine the effective specific monolayer 
capacity in a manner previously described. It should be noted that both methods suffer from inherent 
ambiguity. It can be seen from the data in figure 5.2 that the linear isotherms contain only very broad 
knees in the region following the Henry’s law regime, making identification of the precise location of the 
point B problematic. In the case of the BET method, SWCNTs are energetically heterogeneous which 
makes application of that method a bit uncertain as well. In any case, figure 5.3 shows the identification 
of point B (a) and a BET linear plot (b), both for the CO2 isotherm at 158 K. The Point B method yields an 
effective specific monolayer capacity of about 3.71 mmols/g. The value of the area per CO2 molecule 
adsorbed is 15.7 Å2 which comes from experiments on graphite [76]. It is assumed that the area per 
molecule adsorbed is the same in this case. The calculated effective specific surface area for the Point-B 
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methods yields a value of about 351 m2/g. The BET linear plot yields a value for effective specific 
monolayer capacity of about 3.46 mmols/g, which gives an effective specific surface area of 327 m2/g.  
 
(a)
 
(b)
 
Figure 5.3: Effective monolayer capacity using data from the isotherm at 158 K (T/Tc = 0.52). 
(a) Point B Method (3.71 mmols/g, 351 m2/g) 
(b) BET linear plot (3.46 mmols/g, 327 m2/g, c = 55) 
 
As stated in section 4.1, ESSA measurements for many adsorbates at similar reduced 
temperatures on close ended SWCNTs yield values that are very similar indicating that they have access 
to the same adsorption sites. On other samples of purified HiPco nanotubes, xenon and hydrogen [52], 
and ethane [81] yield ESSA values of 608, 594, and 643 m2/g, respectively. These values compare well 
with each other but are roughly twice the value measured here for CO2 of 351 m2/g. It’s plausible that 
the discrepancy is at least partly due to the inherent ambiguity of the location of point B and/or 
differences in the relative temperature of the isotherms from which the effective monolayers were 
determined. However, in even the most ambitiously liberal use of the point B method, the highest value 
of effective monolayer capacity in the 158 K isotherm is roughly 5 mmols/g which would lead to an ESSA 
of only 473 m2/g. That value is still much lower than the ESSA determined from xenon, hydrogen, and 
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ethane adsorption isotherms. It’s likely that neither the Point-B, nor the BET, methods are suitable for 
determining effective monolayer capacities for isotherms in which adsorbate-adsorbate interactions are 
large, which is the case for CO2 adsorption on SWCNTs. 
 
5.5 Isosteric Heat of Adsorption 
Isosteric heat vs. coverage and lnP vs 1/T plots are shown in figures 5.4 and 5.5, respectively. 
The overall shape of the isosteric heat vs. coverage plot is unusual. As discussed in section 4.1, the 
isosteric heat for most adsorbates on nanotube bundles typically decrease from a maximum at the 
lowest coverage to the minimum at the highest coverage (latent heat) with features in between 
corresponding to the adsorption sites for some adsorbates. Figure 5.4 shows that this obviously isn’t the 
case here. At all but the lowest coverage of 0.2 mmols/g, the isosteric heat for CO2 on SWCNTs is lower 
than the latent heat of deposition. This behavior is attributable to the quadrupole interaction between 
CO2 molecules, which reduces the measured heat of adsorption at most coverages. As coverage 
increases, adsorbate-adsorbate interactions become more important and the measured isosteric heat of 
adsorption rises until bulk CO2 is formed.  
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Figure 5.4: Isosteric Heat (qst) as a function of coverage. The red dashed line indicates bulk latent 
heat. 
 
The results here are qualitatively similar to those found by Bienfait, et. al, [57] for CO2 
adsorption in that the isosteric heat of adsorption is lower at most coverages than the latent heat for 
bulk CO2. In that paper it was speculated that a plateau in the isosteric heat data corresponded to 
adsorption in the grooves and some interstitial channels but the data was inconclusive. Terlain and 
Larher [76] found a heat of adsorption value for CO2 adsorbed on graphite of about 260 meV (6 
kcal/mole). That value is slightly above (or comparable to) the minimum in figure 5.4 from about 1.5 to 6 
mmols/g of about 245 to 255 meV. For adsorption on the convex outer surfaces of the nanotubes in the 
bundles, one would expect the heat of adsorption to be slightly lower than for that on planar graphite. 
This might suggest that the broad minimum in figure 5.4 corresponds to adsorption on the outer convex 
surface sites of the nanotubes. 
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The highest value of approximately 283 meV at 0.2 mmols/g could be due to defects or 
irregularities in individual nanotube diameters which can cause a certain number of interstitial channels 
to become available for adsorption. 
Attention should be drawn to the significant error bars, particularly in the lower coverage range. 
Deviations of the data points from the linear line of best fit can be seen in figure 5.5. No error bars were 
calculated for coverages at and above 4 mmols/g because, as can be seen in the lnP vs 1/T chart, only 
two isotherms were measured at those coverages. Even so, the general “u” shape of the isosteric heat 
vs. coverage plot remains intact if the error bars are considered. Additionally, the highest coverage limit 
of the isosteric heat of 272 meV corresponds well with the bulk heat of deposition for CO2 of 272 meV 
[80].  
 
 
 
Figure 5.5: Natural logarithm of equilibrium pressure vs the inverse of temperature. Each line is at a 
constant coverage, shown on the right in units of mmols/g. 
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5.6 Kinetics of Adsorption 
Figures 5.6 and 5.7 show the kinetic results for this system. The data in figure 5.6 come from the 
isotherm at 146 K. Figure 5.6a shows linear driving force model curves corresponding to points in the 
isotherm at selected coverages (the individual curves have been truncated for clarity). Figure 5.6b shows 
fractional pressure change curves (see section 3.8) for some of the points. The red line in figure 5.6a at a 
ln(1-θ) value of approximately -4.61 indicates the value at which each curve reaches 0.99 fractional 
uptake, θ. From the data, it can be seen that the time to reach this value of ln(1-θ) decreases as the 
point number, and thus the isotherm coverage, increases. However, at even lower values of ln(1-θ), the 
slope is lower for the higher coverage points and the final approach to equilibrium lengthens 
dramatically in time. This happens in particular for points 18, 21, and 24 around a ln(1-θ) value of 
roughly -5.5, which corresponds to a fractional uptake of 0.996. The fractional pressure change and time 
to reach equilibrium (red arrows) are displayed in figure 5.6b, where it can be seen that the time 
increases for the higher coverage points. The exact placement of the arrows which indicate equilibrium 
is somewhat up to interpretation given the amount of noise that comes into play for pressure 
measurements with such long relaxation times. Even considering the noise, it’s clear that the wait time 
for the attainment of equilibrium is significantly longer at the higher coverages. The vertical axis is 
displayed with arbitrary units and the individual FPC plots have been displaced up or down for clarity.  
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(a)
 
(b)
 
Figure 5.6: Kinetics of adsorption data for select points along 146 K isotherm. The point numbers are 
given in the legend, with coverage in parentheses in units of mmols/g. 
(a) Linear Driving Force model. The red line corresponds to θ=0.99 
(b) Fractional Pressure Change in arbitrary units with plots displaced for clarity. The red arrows       
correspond to equilibrium.  
 
Figures 5.7a and 5.7b show a summary of kinetic results for four of the isotherms, all of which 
come from analyzing data such as that in figures 5.6 for each individual isotherm. All the isotherms show 
similar trends. The time to reach a fractional uptake of 0.99 for each point decreases as coverage 
increases and decreases as temperature increases at constant coverage, as shown in figure 5.7a. Figure 
5.7b shows that the time to reach equilibrium starts at about 360 min (6 h) and stays relatively constant 
at low coverages, before increasing as coverage increases. Additionally, the higher the temperature of 
the isotherm, the lower the coverage at which the time increases sharply. Note that there is significant 
noise in the higher coverage equilibrium times, and the plots have been truncated for clarity. Even 
considering the noise, however, the time to reach equilibrium never drops as low as the times at the 
lowest coverages, for all the isotherms displayed here.  
The kinetic trends in figure 5.7a for θ=0.99 are the same as for the equilibrium adsorption 
kinetics for many spherical, or nearly spherical, adsorbates on close ended SWCNTs (as discussed in 
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section 4.1). It seems possible that up until the coverage (at each point along the isotherms) reaches a 
fractional uptake of 0.99, the kinetics are largely dictated by the vapor pressure in the ways that are 
analogous to the case for equilibrium kinetics for spherical adsorbates on homogeneous substrates; 
higher coverage means higher vapor pressure which results in more adsorbate-substrate collisions and 
faster kinetics and, similarly, higher temperature also means higher pressure and more collisions. 
However, the equilibrium kinetic trends of figure 5.7b are different and the reasons for this are 
unclear. While it’s true that the equilibrium trends of the linear alkanes larger than ethane adsorbed on 
close ended SWCNTs (see section 4.1) follow a similar trend to that of figure 5.7b, linearity can’t be used 
to explain the kinetic behavior of CO2 since it is a relatively small molecule (certainly smaller than 
ethane). Ethane on SWCNTs, follows the usual kinetic trends for spherical adsorbates on homogeneous 
substrates. It seems more plausible that the equilibrium kinetic behavior of CO2, then, is the result of its 
adsorbate-adsorbate quadrupole interaction which becomes more and more important as coverage 
increases. This is seen by the sudden increase in wait times in figure 5.7b after a certain isotherm 
coverage is reached. At that coverage and beyond, the rate of uptake slows after a certain fractional 
uptake as is seen in figure 5.6a somewhat after the LDF plots drop below the red line. 
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(a)
 
(b)
 
Figure 5.7: Summary of adsorption kinetics data for four isotherms. Wait time vs. equilibrium 
coverage. 
(a) Time to reach θ = 0.99. 
(b) Time to reach equilibrium. 
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CHAPTER 6  
ETHANE ADSORPTION ON AS-PRODUCED DAHLIA-LIKE CARBON 
NANOHORN AGGREGATES 
 
6.1 Introduction  
Ethane (C2H6) is the smallest of the saturated linear hydrocarbons, and its adsorption is an 
important process to explore for industrial reasons. Since ethane is a component of natural gas, it often 
needs to be separated from CH4, and CO2 [6]. Ethene is also an important molecule in industry and can 
be obtained through the steam cracking of ethane; this is a process that results in an ethane/ethene 
mixture and the components need to be separated to obtain pure ethene [6]. Distillation is the current 
widely used method for ethane/ethene separation but it is a very energy intensive process which 
motivates the exploration of sorption processes to take its place [6]. 
The adsorption of many linear hydrocarbons, including ethane, has been studied using graphite 
[82] and SWCNTs [81] as substrates. Given that ethane is the smallest linear alkane, it can serve as a 
simple model for the adsorption of linear molecules in general. Conducting sorption measurements of 
ethane on aggregates of nanohorns allows us to explore experimentally the question of how linear 
molecules adsorb in conical pores. 
 
6.2 Experimental Details 
The dahlia-like nanohorn aggregates used in this experiment were not subject to chemical 
treatment. Because of this, the walls of the nanohorns were intact and the interiors of the nanohorns 
are not available for adsorption. The aggregates were heated mildly to 520 K under vacuum for 24 h in 
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order to clean the substrate. The mass of the sample was 0.0449 g. The gas used was research purity 
ethane (99.98%) purchased from Matheson.  
 
6.3 Isotherms 
Nine isotherms of ethane adsorbed on as-produced nanohorn aggregates (henceforth, 
abbreviated as ‘Ethane-NH’) are shown in figures 6.1 and 6.2, for temperatures ranging from 123 to 221 
K. The triple and critical point temperatures for ethane are 91, and 305 K, respectively [83]. 
Consequently, the highest coverage vertical step above about 6 mmols/g for the isotherm at 164 K 
corresponds to the formation of bulk liquid ethane, and the measurement of saturated vapor pressure. 
The saturated vapor pressure was also obtained for the isotherm at 123 K for the purposes of 
temperature calibration, but the data point isn’t shown here. 
In figure 6.1, the semi-logarithmic isotherms for Ethane-NH are mostly smeared out. However, a 
gentle substep can be discerned in the isotherms at 123 K, 134 K, 144 K, and 164 K, in the coverage 
range of about 2 to 3 mmols/g. This substep corresponds to weaker binding energy sites located around 
the outer regions of the individual nanohorns, away from the conical interstitial sites. The isotherm at 
175 K no longer shows this substep. The isotherms at 155, 205, and 221 K were not measured at 
sufficiently high coverages to include the region where the weaker binding energy substep would show. 
The isotherm at 190 K includes too few data points in that region to be clear either way. It appears that 
the weaker binding energy substep is smoothed entirely out at higher temperatures.  
Also notably absent from the isotherms of figure 6.1 are any substeps that would correspond to 
the higher binding energy sites in the conical interstitial regions of the nanohorn aggregates, even for 
the higher temperature isotherms at low coverage.  
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Figure 6.1: Semi-logarithmic isotherms of ethane adsorbed on as-produced dahlia-like carbon 
nanohorn aggregates. 
 
In short, the weaker binding energy substep is present for the lower temperatures only, while 
the higher binding energy substep is absent entirely (at least in the temperature range from 155 to 221 
K, and for the range of pressures we have studied).  
The absence of the higher binding energy substep for isotherms of Ethane-NH is likely an 
indication that the morphology of dahlia-like nanohorn aggregates is such that the spread in adsorption 
site binding energies is too large. As the ethane molecules move farther inward into the depths of the 
conical pores, they see a continuously changing binding energy. This continuously changing binding 
energy leads to the smeared out isotherms. This is despite the fact that isotherms for both Ne, and CF4 
adsorbed on closed nanohorns [65] both show a high binding energy substep corresponding to 
adsorption in the conical interstitial pores. The reason that the ethane isotherms are more smeared out 
compared to Ne and CF4 is that ethane is a linear molecule which provides an additional degree of 
freedom which leads to a larger spread in energy when compared to Ne, and CF4 which are both 
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spherical (or effectively spherical). The adsorbed ethane molecules can rearrange themselves as a result 
of adsorbate-adsorbate interactions as more film is sorbed in the nanohorns. 
The higher coverage substep for Ethane-NH corresponds to the outer cylindrical regions of the 
individual nanohorns where the binding energy is more constant. This more constant binding energy 
leads to the appearance of gentle substeps at the lower temperatures which are smeared as the 
temperature increases. This view is consistent with computer simulations which have been done for this 
system [84]. 
 
Figure 6.2: Linear isotherms for ethane adsorbed on as-produced dahlia-like carbon nanohorn 
aggregates. 
 
6.4 Effective Specific Surface Area 
Figure 6.3 shows the Point-B and BET linear plot methods for determining the effective 
monolayer capacity of Ethane-NH. The isotherm temperature selected was 164 K which corresponds to 
a relative temperature of T/Tc = 0.54. The value of effective monolayer capacity of 3 mmols/g using the 
Point-B method compares favorably to the value of 2.9 obtained from the BET linear plot. The area per 
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adsorbed ethane molecule is taken to be 21 Å2 which comes from experiments on graphite [85] where 
the adsorbed ethane molecules were lying flat with their long axes parallel to the surface. Using the 
value of 3 mmols/g from the Point-B method gives an effective specific surface area of 380 m2/g. As 
discussed in section 4.2, the ESSA values for Ne, CO2, and CF4 on closed nanohorns are 393, 358, and 288 
m2/g, respectively. The value for ethane falls between that of Ne, and CO2. Though the diameter of CF4 is 
larger than the width of ethane, the area per ethane molecule adsorbed is larger than CF4, and it might 
be assumed that ethane would give a value of the ESSA that is smaller. A possible explanation is that a 
portion of the adsorbed particles are in the deep conical pores forming a volume of adsorbate in 
addition to a 2D film on the surfaces. Another possible explanation for the fact that ethane’s ESSA is 
larger than CF4 is due to differences in relative temperature or the fact that neither the Point-B nor BET 
linear plot methods are suitable for determining the effective monolayer capacity of linear molecules on 
dahlia-like carbon nanohorns. 
 
(a)
 
(b)
 
Figure 6.3: Determination of effective monolayer capacity using data from the isotherm at 164 K  
(T/Tc = 0.54)  
(a) Point-B Method (3 mmols/g, 380 m2/g) 
(b) BET Method (2.9 mmols/g, 367 m2/g, c = 93) 
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6.5 Isosteric Heat of Adsorption 
Figures 6.5 and 6.6 show the isosteric heat as a function of coverage and ln(p) vs 1/T plots, 
respectively. The isosteric heat decreases monotonically as coverage increases. This behavior is typical 
of strongly binding adsorbates. Higher coverages were not included in the isosteric heat plot because 
only two isotherms were measured at coverages higher than about 3.3 mmols/g which causes the 
uncertainty to increase. The initial, steeply decreasing region below about 0.5 mmols/g corresponds to 
the highest binding energy sites for the isotherm coverages measured here. These high values likely 
result from adsorption in the deepest porous regions between the individual nanohorns.  
A gently sloping plateau region can be identified at coverages from about 0.5 mmols/g to slightly 
less than 1.5 mmols/g. Comparison to figure 6.1 reveals that this plateau region includes coverages 
below the low binding energy substep; the isotherms show no discernible substeps in the regions 
corresponding to this plateau. It can be seen that the isosteric heat in this region decreases from a value 
of 264 meV down to a value of 218 meV. This high energy plateau is a result of adsorption in the conical 
interstitials near the bases of the individual nanohorns and the isosteric heat is sloping because the 
binding energy is changing as the conical regions widen out. Additionally, the linear ethane molecules 
have more degrees of freedom than a spherical adsorbate which introduces a further spread of energy. 
This can be seen by comparison to the isosteric heat of Ne and CF4 when adsorbed on closed nanohorns; 
both show a very flat plateau corresponding to the lower binding energy site. Ethane adsorbed on 
bundles of closed ended carbon nanotube bundles shows a high energy isosteric heat plateau 
corresponding to adsorption in the 1-D groove phase at an energy of about 270 meV [58]. The isosteric 
heat of the interstitial conical region of nanohorn aggregates at 0.5 mmols/g seems to be roughly 
equivalent to the groove phase of nanotubes, for the case of ethane adsorption. 
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Figure 6.4:  Isosteric Heat (qst) as a function of coverage. The red dashed line indicates bulk heat of 
condensation for ethane. 
 
The lowest energy plateau from 1.5 to 2.5 mmols/g corresponds to adsorption on the outer 
regions of the individual nanohorns, away from the conical interstitials. This plateau is much flatter than 
the higher energy plateau. The energy of this plateau is near 170 to 175 meV. After this plateau, the 
isosteric heat gradually decreases toward the value corresponding to bulk condensation. The values of 
the heat of condensation from [83] for ethane at the most similar temperature range to the current set 
of isotherms is reported as 159 meV (15.3 KJ/mole). The highest coverage value reported here is within 
3% of that reported value, although higher coverages would probably be needed to be more certain of 
having an actual isosteric heat value corresponding to bulk saturation. 
A line extrapolated from the three lowest coverage isosteric heat values in figure 6.4, to zero 
coverage can give us an estimate of the single particle binding energy for Ethane-NH. This is done via 
equation 2.7 where the value taken for γ is 2 [66], and T is the average temperature of the isotherms 
used in the isosteric heat calculations (in this case T = 168.3 K). The zero coverage limit is about 510 
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meV, and application of equation 2.7 yields a value for the binding energy of 481 meV. However, as can 
be seen in figure 6.4, the error bar at the lowest coverage is quite significant; it spans a range of 
approximately 60 meV. The reason for these large error bars can be seen in figure 6.5; only three 
isotherms were measured at that lowest coverage (0.26 mmols/g) and removing any one of the points 
will result in a large change of slope. Additionally, there isn’t a good reason to assume that a linear 
extrapolation will give the correct form of the isosteric heat plot for lower coverages. This makes the 
value of the binding energy here, at best, an approximation.  
 
 
 
Figure 6.5: Natural logarithm of equilibrium pressure vs the inverse of temperature. Each line is at a 
constant coverage, shown on the right in the legend in mmols/g. 
 
The value of the binding energy for ethane on graphite is 175 meV, which is close to the value 
reported here for ethane on the convex outer surfaces of the individual nanohorns. With the value 
calculated here, this represents an increase in the binding energy of 2.7 times for adsorption of ethane 
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in the deep porous regions of nanohorn aggregates relative to graphite. On nanotube bundles, the 
binding energy for ethane in the grooves was reported to be 1.76 times larger than ethane on graphite 
[81]. 
 
6.6 Kinetics of Adsorption 
Figure 6.6a shows linear driving force plots (LDF) and figure 6.6b shows the fractional pressure 
change (FPC) for selected points along the isotherm at 164 K. The isotherm point numbers are indicated 
in the legend with the coverage in mmols/g in parentheses. In figure 6.6a the rate of adsorption is 
shown to slow down as the coverage increases, since the slope gradually lowers (after the initial sharp 
decrease). Figure 6.6b shows the wait time to equilibrium increasing dramatically as coverage increases. 
The wait time for point 3 at 1.04 mmols/g is about 8 h (see inset) while the wait time for point 8 at 2.09 
mmols/g is about 200 h.  
(a)
 
(b)
 
Figure 6.6: Kinetics plots for select points along the 164 K isotherm. Point numbers are indicated in 
the respective legends with the corresponding coverage in parentheses in mmols/g. 
(a) Linear driving force model for a few coverages. Only select points within each plot are shown. 
(b) Fractional pressure change in arbitrary units. Coverages increases from left to right. Points 3, 
4, and 5 are shown in more detail in the inset. 
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Kinetic results are summarized in figure 6.7 for four of the isotherms from figure 6.1. In figure 
6.7a, the time to reach a fractional coverage of 0.995 is displayed while in figure 6.7b, the time to reach 
equilibrium is displayed. The overall trend in both cases is similar; as coverage within an individual 
isotherm increases, so too does the wait time. This is apparent in figure 6.7b for equilibrium. In figure 
6.7a, the isotherm at 155 K is almost constant throughout all coverages while for the other three 
isotherms, the first couple of points seem to decrease in wait time with increasing coverage. In those 
isotherms where the time to reach θ = 0.995 decreases at first, it might be because the wait times in 
that regime are controlled by the increasing pressure. 
 
(a) (b) 
  
Figure 6.7:  Kinetics for points along select isotherms as functions of equilibrium coverage.  
(a) Time to reach θ = 0.995  
(b) Time to reach θ = 1 (equilibrium). Due to increasing instrumental noise at higher coverages, 
plots have been truncated for clarity. Roughly up to the first effective monolayer is 
represented. 
 
The kinetic behavior of the ethane-NH system differs from that of the ethane-SWCNT in at least 
three different ways: the overall magnitude of the wait times, the dependence of wait times on 
equilibrium coverage within an isotherm, and the dependence of wait times on temperature at 
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sufficiently high coverages. The wait times for ethane-NH are dramatically longer than for ethane-
SWCNT. For ethane-SWCNT, the longest wait times for an isotherm measured at 160 K [60] at low the 
lowest coverage was about 400 min (6.7 h), which then decreased as coverage increased. Compare that 
to figure 6.6b for ethane-NH at 164 K where the wait time are longer at all coverages. The ethane-
SWCNT equilibrium kinetics are similar to those of spherical adsorbates on planar substrates which were 
discussed in section 2.5. The trends of figure 6.7b are different for ethane-NH; they increase as coverage 
increases at constant temperature, and they also increase at constant coverage for increasing 
temperature (above a certain threshold coverage). 
The likely reason for these differences comes down to the morphology of the nanohorn 
aggregates. The pores are conical, and there is a point at which the diameter of the pore is similar to the 
effective diameter of the ethane molecules which provides a situation where diffusion can play an 
important role in determining the adsorption kinetics. It’s been shown that adsorption in pores can take 
much longer than adsorption on surface sites (or surface sites and groove sites, in the case of SWCNTs) 
[36]. This might help explain the general shape of the plots in figure 6.7b for each isotherm. 
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CHAPTER 7  
ARGON ADSORPTION ON CHEMICALLY OPENED DAHLIA-LIKE CARBON 
NANOHORN AGGREGATES 
 
7.1 Introduction 
Argon is the third smallest spherical noble gas atom, being only larger than Neon and Helium. 
Unlike Helium and Neon, however, Argon is massive enough so that quantum effects do not have an 
appreciable effect on its adsorptive properties [82]. When adsorbed on graphite, it can form monolayer 
phases identified as gas, liquid, and incommensurate solid (its lattice structure differs from that of the 
graphite substrate), depending upon the temperature [82]. Since it is spherical, argon is a good 
adsorbate to help determine the effects adsorbate size (when compared to other noble gas adsorbates 
on the same substrate) on adsorption measurements. Also, since argon is spherical and non-polar, 
effects of substrate morphology on adsorption measurements can be more easily studied. 
 
7.2 Experimental Details 
The mass of the nanohorn sample was 0.1692 g. The aggregates were oxidized in air for nine 
hours in which the temperature was increased at a rate of 1⁰ C per minute to a maximum of 550⁰ C. 
They were then cooled by simply allowing them to naturally reach room temperature. This process 
opened up the nanohorns to allow access to the interior. The nanohorns were given to us from the 
Japan Science and Technology Agency. The argon used was purchased from Matheson Tri-Gas. It has a 
reported research grade purity (99.9999%) [86]. 
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7.3 Isotherms 
Eight isotherms were measured for Ar adsorbed on oxidized carbon nanohorn aggregates (Ar-
ONH) in the temperature range of 71 to 127 K. These isotherms are shown semi-logarithmically in figure 
7.1 and linearly in figure 7.2. The five lowest temperature isotherms were measured at pressures all the 
way up to saturated vapor pressure and the highest coverage vertical step at about 30 mmols/g and 
beyond corresponds to this. The triple point and critical temperature of Ar are 84 K, and 151 K, 
respectively. The three lowest temperature isotherms are below the triple point, meaning they saturate 
as solid argon at the highest coverage step. 
Below the substep corresponding to saturation, there are two clearly resolvable substeps in the 
semi-log plots. Given that these are chemically opened nanohorn aggregates, these two substeps 
correspond to the four binding energy sites (figure 4.4). The highest-energy/lowest-coverage substep 
from about 2 to 8 mmols/g corresponds to adsorption in the interstitial and intra-nanohorn pores. The 
lower-energy/higher-coverage substep from about 15 to 25 mmols/g corresponds to adsorption on the 
interior and exterior surfaces. The high energy substep spans a coverage range of roughly 4 mmols/g 
while the low energy substep spans a coverage range of roughly 10 mmols/g, indicating that there are 
on the order of 2.5 times as many adsorption sites along the interior and exterior surfaces than the 
number of adsorption sites in the interstitial and intra-nanohorn pores.  
Since four different adsorption sites for the open nanohorn aggregates have been identified, it 
might be worth checking to see if any further features are resolvable within the two broad binding 
energy substeps. S. M. Gatica et. al. [87] simulated Ne, Ar, CO2, and CH4 adsorption in carbon nanohorns 
in which the interior sites are available for adsorption as well as the exterior sites. In that paper, it is 
shown that for neon and argon, adsorption occurs first (that is, at a lower coverage) in the intra-
nanohorn pores than it does in the interstitial pores (see figures 2 and 3 for neon and in figure 5 for 
argon in ref. 87). For neon in particular, there is a gentle substep in the simulated isotherm which 
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corresponds to adsorption in the intra-nanohorn pores, before the onset of adsorption in the interstitial 
pores.  
 
 
Figure 7.1: Semi-logarithmic isotherms of Ar adsorbed on opened dahlia-like SWCNH aggregates 
 
A plot of the three highest temperature isotherms from figure 7.1 in the coverage range 
corresponding to the high energy substep is presented in figure 7.3, in more detail. No additional 
substeps or features are discernible in the semi-log isotherms. The lower temperature isotherms of 
figure 7.1 were not measured at low enough coverage or with a sufficient number of data points to 
discern if such features exist at those temperatures. It would be interesting to see if additional substeps 
would appear in the high binding energy substep for low temperature and low coverage isotherms of 
noble gases adsorbed on open carbon nanohorns. 
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Figure 7.2: Linear isotherms of Ar adsorbed on opened dahlia-like SWCNH aggregates 
 
 
 
Figure 7.3: The three highest temperature isotherms from figure 7.1, in more detail. 
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7.4 Effective Specific Surface Area 
Figure 7.4 demonstrates the Point-B (a), and BET (b), methods for determining the effective 
monolayer capacity of this system. The isotherm at 82.07 K was used in both cases. Given that the 
critical temperature for argon is 151 K, a temperature of 82.07 K corresponds to a relative temperature 
of about 0.54. The value used for the area per argon atom adsorbed was 13.2 m2/g [56]. The Point-B 
methods yields a value for the effective monolayer of 13 mmols/g leading to a calculated value for the 
ESSA of 1033 m2/g. The BET linear plot gives a value of the effective monolayer of 15.7 mmols/g which 
leads to an ESSA of 1248 m2/g. The discrepancy of almost 20% between the two methods indicates the 
limitations of treating a porous sorbent as planar. 
Favoring the Point-B calculated value for the ESSA of 1033 m2/g shows a favorable comparison 
to the previous study of Ne and CO2 adsorption on open nanohorn aggregates [66]. As stated in section 
4.2, the ESSAs reported for Ne and CO2 on open nanohorns are 1077, and 850 m2/g, respectively. Argon, 
being intermediate in size between the two should give a value of ESSA that is also intermediate, which 
it does. 
 
(a)
 
(b)
 
Figure 7.4: Effective monolayer capacity using data from the isotherm at 82.07 K (T/Tc = 0.54). 
(a) Point-B Method (13 mmols/g, 1033 m2/g) 
(b) BET linear plot. (15.7 mmols/g, 1248 m2/g, c = 64) 
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7.5 Isosteric Heat of Adsorption 
The isosteric heat for Ar-ONH is shown in figure 7.5. Three plateau regions can easily be 
identified in the plot. The plateau from 3 to 13 mmols/g with an isosteric heat value of 115 meV 
corresponds to adsorption in the interstitial and intra-nanohorn pores, while the plateau from 15 to 27 
mmols/g with an isosteric heat value of about 95 meV corresponds to adsorption on the interior and 
exterior surfaces. The plateau at 35 mmols/g and beyond corresponds to the heat of deposition for 
argon. The value determined here for the deposition is between 80 and 84 meV, while the value 
obtained from reference for this quantity is 79 meV [88].  
The isosteric heat for argon adsorbed on graphitized carbon black extrapolated to zero coverage 
is about 102 meV (2.3 kcal/mole) [89]. This value is lower than the values calculated here for argon-ONH  
for the higher binding energy pores, and is similar to the value found for the lower binding energy 
surfaces. This makes sense given that the porous regions are going to have more carbon atoms 
attracting the adsorbate relative to a flat graphitic surface and will thus give rise to a higher isosteric 
heat. The surfaces (both inner and exterior) will show either a slightly higher, or slightly lower binding 
energy than flat graphite due to the either convex or concave curvature. Presumably, the combination 
of these two effects from the curved surfaces somewhat cancel out in the calculation and result in an 
isosteric heat that is similar to that found for argon on graphitized carbon black 
On graphitized carbon black [89], it was speculated that the isosteric heat of argon initially 
increases because the adsorbed argon atoms increase the attraction between the vapor and the surface. 
This effect is noticeable because the surface of the graphitized carbon black substrate used in that study 
was energetically homogeneous. In the present case, the highest value of the isosteric heat at the 
lowest coverages for Ar-ONH is a result of adsorption in the narrowest region of the pores and in any 
structural defects that are present in the substrate. These regions get filled quite rapidly as coverage 
increases, hence the sharp drop before the first plateau.  
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Figure 7.5: Isosteric heat as a function of coverage for Ar-ONH 
 
The ln(P) vs 1/T plots in figure 7.6 show the number of isotherms used in the calculation of some 
of the data points of the isosteric heat of figure 7.5. The largest uncertainties on the order of 30 meV 
indicated by the error bars of figure 7.5 at the lowest coverages are a result of only three isotherms 
being measured in that region. Large uncertainties also seem to correspond to sloping regions in the 
isosteric heat plot in between the plateaus. The values corresponding to solid bulk formation contain 
uncertainties on the order of 8 to 10 meV which is again a result of only three isotherms being measured 
in that range. Even though a total of five isotherms were measured at saturation, only the three lowest 
isotherms are in the temperature range corresponding to solid formation. If the bulk value of the heat of 
condensation is measured for the two isotherms that reached saturation at temperatures above the 
triple point, a value of 74.7 meV is obtained.  
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Figure 7.6: Natural logarithm of equilibrium pressure vs the inverse of temperature. Each line is at a 
constant coverage, shown on the right in the legend in mmols/g. 
 
7.6 Kinetics of Adsorption 
A fractional uptake of 0.999 was chosen to analyze the adsorption kinetics for this system. The 
results are displayed in figure 7.7. The fractional uptake is close enough to one to correspond well with 
equilibrium, which means that the kinetic data in figure 7.7 are essentially the equilibrium kinetics. For 
reasons previously discussed, finding the time at which equilibrium is reached can include too much 
noise to extract meaningful trends in the data, which is the case here. The trends in the kinetic data of 
figure 7.7 correspond to those which occur for adsorption of spherical adsorbates on planar substrates; 
as coverage and pressure increase for a given isotherm, the wait time decreases and as isotherm 
temperature increases for a given coverage, wait times also decrease.  
Looking more closely at figure 7.7, a gentle plateau is discernible in the data for the isotherms at 
76 and 82 K from about 4.5 to 7 mmols/g, which are coverages spanned by the high binding energy 
substeps of the corresponding isotherms of figure 7.1 and also by the first plateau region of the isosteric 
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heat plot of figure 7.5. However, this gentle plateau in the kinetic data is not present for the isotherms 
at higher temperatures. Perhaps at low enough pressures, groups of similar binding energy sites will 
result in similar wait times 
The wait times for the four lowest temperature isotherms of figure 7.7 reach a minimum value 
of about 5 minutes at coverages of about 10 to 14 mmols/g. These coverages correspond roughly to the 
region in the isotherms of figure 7.1 intermediate between the two substeps where the effective 
monolayer is completed, and is also roughly intermediate between the first two plateaus in the isosteric 
heat plot of figure 7.4. After reaching this minimum value, the wait time stays essentially constant 
through the higher coverage substep all the way through to saturation. 
The kinetic trends for the three higher temperature isotherms at 111, 117, and 127 K are similar, 
overall. The very steep drop in time in the low coverage regime from 0 up to 2 or so mmols/g 
corresponds to the region before the high energy substep of figure 7.1 and to the region of steep drop in 
the isosteric heat of figure 7.5, at low coverage. The kinetic plot for 111 K then smoothly approaches a 
minimum value of about 3 minutes at around a coverage of 6 mmols/g.  
For the sake of comparisons, Figure 7.8a shows an isotherm at 23.3 K for neon adsorbed on 
oxidized carbon nanohorns (Ne-ONH), which was calculated from the same data set used for reference 
[66], as well as the isotherm for Ar-ONH at 76.32 K reproduced from figure 7.1. The substeps for Ne-
ONH have the same interpretation as they do for Ar-ONH: the high binding energy substep at low 
coverage corresponds to adsorption in the interstitial and intra-nanohorn pores while the lower binding 
energy substep at higher coverage corresponds to adsorption on the inner and outer surfaces.  
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Figure 7.7: Time to reach θ = 0.999 for points along select isotherms as functions of equilibrium 
coverage. 
 
 
Figure 7.8b displays the adsorption kinetics for Ne-ONH using a fractional coverage of θ=0.999 
for four of the isotherms from reference [66]. The overall shape of the kinetic plots are very similar to 
those of figure 7.7; at the lower temperatures there is a sharp decrease followed by a plateau in the 
coverage range of the high binding energy sites, followed by a sharp decrease to the minimum at 
roughly the coverages corresponding to the region in between the two binding energy sites (near one 
effective monolayer). The plateau is progressively smoothed out as temperature increases and has 
disappeared entirely by a temperature of 35 K which, again, is a similar trend to figure 7.7. 
The critical temperature for neon is 44.5 K [66], which means that the isotherm kinetic plots of 
figure 7.8b occur at a relative temperature range of 0.47 to 0.9. The relative temperature range spanned 
by the data in figure 7.7 for Ar-ONH is from 0.5 to 0.85. Thus, the kinetic data shown are at similar 
relative temperature ranges for both systems. This is also true of the two isotherms of figure 7.8a which, 
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again, occur at similar relative temperatures. Although the neon isotherm spans a larger specific 
coverage range due to its smaller size, the pressures at which each substep in the respective isotherms 
occur are similar; the high binding energy substep is at a ln(P) value of about -3 while the lower binding 
energy substep is at a ln(P) value of about 3.5 in both cases.  
 
(a)
 
(b)
 
Figure 7.8: Neon data 
(a) Isotherm of neon adsorbed on oxidized (opened) dahlia-like nanohorn aggregates at 
approximately 23.3 K compared to an isotherm of argon from figure 7.1. 
(b) Kinetics for neon on opened nanohorns; elapsed time indicates the time to reach a fractional 
uptake of θ=0.999 for all points plotted. 
  
The primary difference between the kinetic results of figures 7.8b and 7.7 is the magnitude of 
the wait times at corresponding features in the isotherms. For instance, the time to reach θ=0.999 at the 
gentle plateau corresponding to high binding energy sites for Ar-ONH is approximately 80 minutes while 
the corresponding wait time for Ne-ONH is approximately 300 to 400 minutes. The wait times in general 
are greater for Ne-ONH than they are for Ar-ONH. This is somewhat unexpected in light of a study that 
has been conducted in our lab comparing the kinetics of adsorption for argon and CF4 adsorbed on the 
same sample of chemically opened nanohorns [90]. Wait times for CF4 are greater than for argon at 
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corresponding isotherm features and relative temperatures and it was argued in that paper that the 
reason for this difference is that CF4 is the larger adsorbate and therefore has more difficulty accessing 
the interior porous regions through holes in the nanohorns. 
Because the substeps are occurring at similar pressures in figure 7.8a, it is likely that the ratio of 
binding energy to temperature are similar for both Ar-ONH and Ne-ONH. The differences in binding 
energy and temperature can’t be used to explain the difference in wait times. If the binding energies 
were the cause of the difference, we would expect to see shorter wait times for neon since it has a 
smaller binding energy (see equation 2.14), which is not what the data shows. Additionally, since we are 
comparing wait times at corresponding features in the isotherms (the high binding energy substep, for 
instance) the difference in wait times is likely also not caused by differences in the fractional coverage of 
equation 2.14, since they are comparable. 
If the size difference between neon and argon is the reason that neon adsorption involves 
longer wait times, it seems possible that it is partly because neon is accessing small diameter 
microporous regions deep in the nanohorn aggregates that are not accessible by argon. In such a case 
where the pore is just large enough to allow guest particles to enter, diffusion is an activated process 
(see equation 2.17). It’s been shown [36] [91] that activated diffusion processes can greatly slow down 
adsorption kinetics when the adsorbate diameter is similar to the pore diameter. It’s also been shown 
experimentally that neon wait times can exceed those of argon during high pressure and temperature 
(supercritical) adsorption on carbon molecular sieves [92]. The reason for longer wait times for neon in 
that paper was attributed, at least in part, to activated diffusion for neon when entering the small 
micropores of the carbon molecular sieve. The activation energy for argon was too high for it to adsorb 
in the same micropores as neon which had a slightly lower activation energy. The comparison is 
cautious, however, since the experimental conditions of that paper are at higher pressures and 
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temperatures and with a different carbon material as the adsorbent, but it demonstrates in principle 
that smaller adsorbates can have slower kinetics under certain conditions. 
It would be interesting to determine how other noble gas adsorbates (such as Xe, or Kr) on 
opened nanohorn aggregates would compare kinetically to the current data sets of Ne and Ar. 
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CHAPTER 8  
O2 ADSORPTION ON ZEOLITIC IMIDAZOLATE FRAMEWORK-8 
 
8.1 Introduction 
Simulated and experimental oxygen isotherms have been measured with ZIF-8 as the adsorbent 
in reference [70]. In that study, two isotherms were measured at 77.3 and 90.2 K using an automated 
sorption analyzer with low temperatures attained using baths of liquid N2 and Ar, respectively. An extra 
substep was identified in the isotherm data and was attributed to the increased accessible surface area 
following the gate opening process of the ZIF-8 framework. Given that the isotherms were measured at 
temperatures corresponding to cryogenic liquid, the temperature range is somewhat limited. The 
purpose of the current work was to extend the number of isotherms and the temperature range over 
which the O2 – ZIF-8 system was measured to investigate the temperature dependence of the gate 
opening transition. 
 
8.2 Experimental Details 
0.1893 grams of powdered ZIF-8 [93] was loaded into a stainless steel cell sealed with a copper 
gasket. It was then heated under vacuum to a temperature of 170⁰ C for a period of about 24 hours. 
After the heating and subsequent cooling to room temperature, the cell was sealed off and transferred 
to the experimental adsorption setup without exposing the ZIF-8 to air. 
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8.3 Isotherms 
The isotherms of Oxygen adsorbed on ZIF-8 (O2 – ZIF-8) are presented in figures 8.1 and 8.2. 
Seven isotherms were measured between the temperatures of 62 and 93 K. The triple point and critical 
point temperatures for O2 are 54.33 and 154.58 K [94], respectively. As a result, the vertical substeps at 
the highest coverages correspond to formation of bulk liquid oxygen in coexistence with the gas. 
Two other substeps are present in most of the isotherms in figure 8.1. The lower coverage 
substep at approximately 5 to 15 mmols/g corresponds to adsorption of oxygen on ZIF-8 AP (O2 – ZIF-8 
AP). The mid coverage substep at roughly 18 to 21 mmols/g for all but the highest temperature isotherm 
corresponds to adsorption of oxygen on ZIF-8 HP (O2 – ZIF-8 HP). The increased uptake is a result of the 
gate-opening (G.O.) process and the increased effective surface area that then becomes accessible by 
the adsorbate is comparable to the oxygen isotherms in reference [70]. 
Looking more closely at the G.O. related substep shows that it gets closer and closer to the 
saturation step as temperature increases. For the 89 K isotherm the substep is barely discernible and 
has disappeared entirely for the 93 K isotherm. This is not necessarily an indication that the G.O. process 
would not occur at and beyond temperatures of roughly 93 K for oxygen adsorption, just that saturated 
vapor pressure is reached first. If more isotherms were to be measured at even lower temperatures, it’s 
possible that the extra substep would also disappear as it blends into the substep corresponding to the 
AP structure. The pressures at lower temperatures than 62 K were too low for our setup to accurately 
measure for the present experiment however, so such isotherms were not attained.  
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Figure 8.1: Semi-log plots of isotherms of oxygen adsorbed on ZIF-8 
 
 
 
Figure 8.2: Linear plots of isotherms of oxygen adsorbed on ZIF-8. The isotherms here are of Type I, 
indicating microporosity. 
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8.4 Effective Specific Surface Area 
Figure 8.3 shows the Point-B and BET methods for obtaining the effective monolayer capacity 
using the isotherm data at 62.96 K. Given that the linear isotherm fits well the Type I archetype, the 
“knee” is very sharp and the location of Point-B is clearly discernible as can be seen in figure 8.3a. The 
Point-B method yields an effective monolayer capacity of about 22 mmols/g while the BET linear plot 
method yields a value of 18.9 mmols/g. The area per molecule of O2 on the surface of graphite obtained 
from [95] of 12.5 Å2/molecule. From this, the ESSA for ZIF-8 was calculated to be 1421 m2/g from the 
BET linear plot method and 1656 m2/g from the Point-B method.  
 
(a)
 
(b)
 
Figure 8.3: Isotherm data at 62.96 K used to determine the effective monolayer capacity for the O2 – 
ZIF-8 system (T/Tc = 0.41). 
(a) Point-B method (22 mmols/g, 1656 m2/g) 
(b) BET linear plot method (18.9 mmols/g, 1421 m2/g) 
 
 
The value of the effective monolayer capacity obtained from the Point-B method is higher than 
the coverage corresponding to the gate opening substep of the 62.96 K isotherm. As a result, the ESSA 
value of 1656 m2/g includes the effective surface area that becomes available after the transition. On 
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the other hand, the BET method yields an effective monolayer capacity just below the coverage 
corresponding to the gate opening substep, and therefore the value of 1421 m2/g does not include the 
extra effective surface area that becomes available after the structural transition. The discrepancy 
between the two is not surprising considering that neither the BET nor the Point-B methods are meant 
to deal with flexible frameworks. 
 
8.5 Isosteric Heat of Adsorption 
In figure 8.4a is the plot of isosteric heat vs. coverage for this system. Most notable is the rather 
large peak which reaches a maximum value of about 167 meV at 16 mmols/g. The coverage at this peak 
coincides roughly with the beginning of the substep corresponding to gate opening in the isotherms of 
figure 8.1. At coverages from 5 to 10 mmols/g, the isosteric heat is relatively constant at 115 meV. At 
and beyond 24 mmols/g, bulk liquid saturation is attained at a value of about 76 meV. The reported 
value for the heat of condensation of O2 is 70.7 meV [94] which is within 7 % of our measured value. 
 
(a)
 
(b)
 
Figure 8.4: Oxygen Data 
(a) Isosteric Heat of Adsorption vs. coverage in mmols/g. Red dashed line indicates the heat of 
condensation for O2. 
(b) lnP vs 1/T plots for selected coverages which are given in the legend at the upper right in mmols/g. 
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A form of the Clausius-Clapeyron equation (equation 2.8) can be used to obtain an estimate of 
the heat of the structural transition for the O2 – ZIF-8 system. This has been done previously for 
adsorption in other gate opening MOFs [96], and the rationale in that reference for such a procedure is 
that Clausius-Clapeyron relations exist in both 2D and 3D and that an adsorbed film is intermediate 
between those two extremes. A film transition should thus be explained by a Clausius-Clapeyron 
equation. An additional assumption in that same reference is that the total heat of adsorption during 
the gate opening transition (ΔHGO) is a combination of the heat of structural transition (ΔHtrans.) plus the 
heat of adsorption for the extra adsorption sites that become available during the transition (which in 
this case is ΔHHP where HP refers to the ZIF-8 HP structure). This is summarized in the following 
equation: 
∆𝐻ீை =   ∆𝐻௧௥௔௡௦. + ∆𝐻ு௉ (8.1) 
With regards to the current data set, what this means is that we can get an estimate for the heat 
of the structural transition from the data of figure 8.4a. A further assumption that we must make is that 
the adsorption sites of the ZIF-8 HP structure have a similar heat of adsorption as the adsorption sites of 
the ZIF-8 AP structure, which are roughly 115 meV in figure 8.4a. The maximum height of the peak is 
about 167 meV, which we can substitute for ΔHGO in equation 8.1. This gives a value for the heat of 
structural transition of approximately 47 ± 10 meV. The uncertainty is a result of considering the error 
bars of figure 8.4, which are obtained in the manner previously described in section 3.6. 
It appears from figure 8.4b that the line corresponding to the gate opening transition at 16 
mmols/g will intersect the line corresponding to bulk saturation (26 mmols/g) at temperatures higher 
than those explored in this study. Similarly, that same line will intersect the line corresponding to 5 
mmols/g at temperatures lower than those explored here. The outcome of this is that the gate opening 
substep will likely disappear at temperature above roughly 93 K and somewhat below roughly 62 K as 
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has been mentioned in section 8.3. Plotting the lnP vs 1/T lines in this way provides a method for 
predicting the temperature range at which the extra gate opening related substep will appear in the 
isotherms. For instance, if the lines at 16 and 5 mmols/g are extended to higher temperature, they will 
intersect at a temperature of approximately 61 K. If isotherms of oxygen on ZIF-8 were measured at that 
temperature and lower, it is likely that no gate opening related substep would appear.  
 
8.6 Kinetics of Adsorption 
Linear driving force plots for a few select points from the 70.48 K isotherm are presented in 
figure 8.5. Figure 8.5a includes points in the coverage range below that of the gate opening substep. It 
can be seen that the rate of adsorption increases as coverage increases. This is the same trend that 
would be expected for the case of spherical adsorbates on planar substrates, which has been discussed 
previously. Figure 8.5b includes points corresponding to the coverage range of the gate opening related 
substep. For points 13 and 14 it can be seen that they have an inflection roughly around the 45 to 60 
minute mark, after which the rate of uptake greatly slows down. The rate constant (k) for point 13 after 
the 60 minute mark is 0.006 1/min which will be compared to CO2 – ZIF-8. Hints of this behavior can be 
seen for the other points, but not nearly as dramatically. It seems likely that this slowing down of the 
kinetics is related to the structural transition in some way. The isotherms of figure 8.2 are of Type I 
indicating microporosity. Micropores can present a situation where diffusion is greatly slowed down if 
the pore width is similar to adsorbate size and this can have an effect on the adsorption kinetics in which 
wait times are greatly increased [36] [91]. If, during or after the gate opening, many adsorption sites 
suddenly become available in the ZIF-8 HP structure, it seems plausible that accessing these new sites in 
the micropores might take longer than accessing sites immediately prior to gate opening. 
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Kinetic results are summarized for three isotherms in figure 8.6 which shows the wait times for 
two different fractional coverages (0.99 and 0.997) obtained from LDF plots for three temperatures from 
the full data set of figure 8.1.  Up until the coverage corresponding to gate opening, the trends are 
similar to the case for adsorption of spherical adsorbates on planar surfaces as discussed in section 2.5. 
However, the kinetics show a very pronounced non-monotonicity in the coverage region corresponding 
to the gate opening transition (about 22 mmols/g) for the two lowest temperatures at a fractional 
coverage of 0.997 (figure 8.5b). The non-monotonicity is much less pronounced at around 18 or 20 
mmols/g for the isotherm at 93 K, which also exhibits a much less pronounced gate opening substep in 
the isotherm of figure 8.1 at that temperature. At a fractional coverage of 0.99 (figure 8.6a), the non-
monotonicity is not as apparent for any of the isotherms. There is a slight bump in the 70.48, and 93.93 
K isotherms at a coverage of about 20 mmols/g which could also be associated with gate opening.  
 
(a)
 
(b)
 
Figure 8.5: Linear Driving Force plots for select points along the 70.48 K isotherm. The point numbers 
corresponding to the isotherm in figure 8.1 (with coverage in parentheses in mmols/g) are given in 
the legend. Only every 20th point is presented in each plot for clarity. 
(a) Points at coverages below the gate opening related substep 
(b) Points in the coverage range of the gate opening related substep 
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Presumably, gate opening doesn’t have an effect on the adsorption kinetics until each dose of 
gas in the gate opening region gets very close to the equilibrium coverage. This can be seen more 
explicitly by looking at figure 8.5b again. The inflection that was described two paragraphs ago for point 
number 14 at 21 mmols/g doesn’t occur until after an LDF value of -5.5 which corresponds to a 
fractional uptake of 0.995. At lower fractional uptakes, the LDF plots for points 13 and 14 would fit well 
in figure 8.5a which showed faster kinetics as coverage increased. It’s not until after the inflections in 
figure 8.5b that the non-monotonicity is noticeable, particularly for point 14.  
It seems there are two different regimes in the kinetics here. For the first 45 to 60 minutes, the 
kinetics become faster as coverage is increased in a manner similar to that of spherical adsorbates on 
planar substrates. This is a common trend. Then after the 45 to 60 minute mark, for certain points in the 
coverage region corresponding to gate opening, the kinetics slow down as the effects of gate opening 
become more important in determining the rate of uptake than the effects of increasing isotherm 
pressure. A similar situation arises for the other isotherms of figure 8.1 which show the gate opening 
substep, although the 70.48 K isotherm was the focus here. 
(a)
 
(b)
 
Figure 8.6: Kinetics of Adsorption for points along select isotherms for O2 – ZIF-8. For the sake of 
clarity, only three isotherms were chosen to be displayed. 
(a) Time vs. equilibrium coverage for 0.99 fractional uptake for each point 
(b) Time vs. equilibrium coverage for 0.997 fractional uptake for each point 
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CHAPTER 9  
CO2 ADSORPTION ON ZEOLITIC IMIDAZOLATE FRAMEWORK-8 
 
9.1 Introduction 
As mentioned in section 5.1, metal organic frameworks are one of the key materials being 
considered as potential solid adsorbents in many carbon capture applications. Strategies to improve 
capacity, selectivity, and heats of adsorption for MOF sorbents include activation of open metal sites, 
and tailoring of the structure via pre-synthetic modification of the organic ligands, and post-synthetic 
functionalization [1].  
Molecular dynamics simulations, have shown that gate opening occurs for the CO2-ZIF-8 system 
at high pressure [97]. By contrast, experimental isotherms for CO2-ZIF-8 do not show an additional 
substep related to gate opening for this system [97]. In Chapter 8 it was shown that the gate opening 
related substep for O2 - ZIF-8 disappears at temperatures at and greater than about 93 K, and would also 
likely disappear at temperatures below about 61 K. It’s possible that for the case of the CO2 - ZIF-8 
system, the temperature range over which the experimental isotherms have been measured thus far in 
the literature is simply outside of the range that would show the additional substep. This is motivation 
for further study to extend the range over which isotherms have been measured for the CO2-ZIF-8 
adsorption system, which has been done in the current study. 
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9.2 Experimental Details 
The sample used was 0.1876 grams of powdered ZIF-8 [93]. It was heated to a temperature of 
170⁰ C for roughly 24 hours in a high vacuum environment prior to the adsorption experiment which 
served to activate the ZIF-8. It was then sealed and transferred in vacuum to the experimental chamber. 
 
9.3 Isotherms 
Ten adsorption isotherms for the CO2 – ZIF-8 system are reported in figure 9.1 at temperatures 
from 133 K to 237 K. All these isotherms with the exception of the ones at 217 and 237 K are lower than 
the triple point temperature of 216.59 K [80]. The saturated vapor pressure was reached for all but the 
two highest temperature isotherms. Saturation corresponds to the formation of solid carbon dioxide in 
the experimental cell. This occurred at a coverage of roughly 12.5 mmols/g and is indicated by the 
sudden vertical step. At lower coverages from about 2 to 8 or 9 mmols/g, a quasi-vertical substep is 
present which corresponds to adsorption on the ZIF-8 AP structure.  
There’s no clear indication of any substeps in any of the isotherms of figure 9.1. Though slightly 
disappointing, this does not by itself mean that gate opening is not occurring upon sorption of CO2, just 
that the isotherms aren’t particularly sensitive to the structural transition. The other possibility is that 
the temperature range over which such a gate-opening sensitive substep would appear in the isotherms 
is either above or below the range measured here. We, however, do not believe that this is the case. 
Evidence suggesting that gate-opening might be occurring in this temperature range is presented in the 
following sections. 
 
 
117 
 
 
Figure 9.1: Semi-log plots of isotherms of Carbon Dioxide adsorbed on ZIF-8 
 
 
9.4 Effective Specific Surface Area 
The ESSA was calculated from effective monolayer capacities determined from both the Point-B 
and BET methods as shown in figure 9.2. There is a rather large, and perhaps alarming, discrepancy 
between the two methods. The Point-B methods yields an effective monolayer capacity of 11.3 mmols/g 
which corresponds to an ESSA of 1068 m2/g. This value seems reasonable when compared to the ESSA 
determined from isotherms of Xenon on ZIF-8 of 1278 m2/g [73]. 
The BET method, however, yields an effective monolayer of 6.7 mmols/g which corresponds to 
an ESSA of 633 m2/g which is a 41% difference relative to the value from the Point-B method. As can be 
seen in figure 9.2b the BET linear plot isn’t really linear within the typical P/Po range of .05 to .35. The 
four data points that were used for the calculation are indicated by the line and corresponding linear fit 
equation and R2 value in figure 9.2b. A similar situation arises for other temperatures; the BET method is 
likely not suitable for surface area determinations for this system. The discrepancy between the ESSA 
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values determined from the two methods for the O2 – ZIF-8 system in section 8.4 is much smaller: about 
14%. Given that the substrate is the same and both particles are small and linear, it seems plausible that 
the larger discrepancy for the CO2 – ZIF-8 system is related to the permanent quadrupole moment of the 
carbon dioxide molecule and increased adsorbate-adsorbate interactions. 
 
(a)
 
(b)
 
Figure 9.2: Isotherm data at 133.22 K (T/Tc = 0.44) used to determine the effective monolayer 
capacity for the CO2 – ZIF-8 system. 
(a) Point-B method (11.3 mmols/g, 1068 sq.m/g) 
(b) BET linear plot method (6.7 mmols/g, 633 sq. m/g) 
 
9.5 Isosteric Heat of Adsorption 
Isosteric heat vs. coverage is presented in figure 9.3a. There are three regions of interest. Up 
until about 10 mmols/g the trend rises steadily because as more carbon dioxide adsorbs onto the 
surface, the attraction between film and vapor grows. This is a result of adsorbate-adsorbate 
interactions due to the large quadrupole moment of CO2. Essentially, the molecules in the vapor are 
more attracted to the molecules which have already been adsorbed than they are to the bare surface, 
hence the steadily rising heat of adsorption. This is similar to the CO2-SWCNT system. At a coverage of 
about 13 mmols/g and beyond, bulk saturation  with the formation of solid CO2 is evidenced by the 
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measurement of the heat of sublimation. The value measured here for the heat of sublimation is 270 
meV which correspond very well with the value reported from NIST of 272.52 meV. 
In the coverage range between 10 and 13 mmols/g a clear peak is present in the data. This peak 
is similar to that seen for the isosteric heat vs. coverage plot of O2 on ZIF-8 in figure 8.4a. For O2 on ZIF-8, 
the isosteric heat peak occurred at coverages similar to the gate opening related substep in the 
isotherms. Here, for CO2 on ZIF-8, there is no such substep in the isotherms but the isosteric heat peak 
can still plausibly be attributed to the sorption induced gate opening effect of ZIF-8. 
Following the same line of reasoning from section 8.5, we can get an estimation for the heat of 
structural transition of ZIF-8 during the adsorption of CO2 using equation 8.1. ΔHGO is the height of the 
peak, which in this case is 300 meV. For ΔHHP we can once again make the assumption that the heat of 
adsorption for the sites that become available as a result of the structural transition is equal to the heat 
of adsorption for the ZIF-8 AP structure. The blue line in figure 9.3 is interpolated between the isosteric 
heat values at 8 and 13 mmols/g. It is essentially a best guess at what the isosteric heat would be if the 
peak were not present. At 11.5 mmols/g, the value of isosteric heat indicated by the interpolation is 
about 260 meV, which will be taken as ΔHHP for the sake of calculating ΔHGO. This gives an upper bound 
for the value for ΔHGO of 40 meV. The value of the upper bounds for the heat of the structural transition 
induced by oxygen (section 8.5) and xenon [73] adsorption are 47 ± 10 meV and 36 meV, respectively. 
These values all compare favorably, but it should be noted these values are all approximations. 
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(a)
 
(b)
 
Figure 9.3: 
(a) Isosteric Heat of Adsorption in meV vs. coverage in mmols/g. Red dashed line indicates the heat of 
sublimation for CO2. Blue line is an interpolation between the qst values at 8 and 13 mmols/g. 
(b) lnP vs 1/T plots for selected coverages which are given in the legend at the upper right in mmols/g. 
 
Ln(P) vs. 1/T plots from the Clausius Clayperon equation are shown in figure 9.3b for the 
coverages 1, 8, 11.5, and 13 mmols/g. The line which yields the peak in figure 9.4a is seen to be steeper 
than the lines representing the heats of adsorption at the other coverages, as would be expected if gate-
opening were taking place at that coverage. This can be compared to the case for oxygen in section 8.5, 
and a similar analysis can be done in the present case to get an estimate of the range of temperatures 
over which the structural transition might be represented in the data. The line in figure 9.3b 
representing the peak will intersect the line at bulk saturation (13 mmols/g) at approximately 204 K. 
Similarly, the line representing the peak will intersect the line at the coverage immediately prior to the 
peak (8 mmols/g) at approximately 121 K. Two of the isotherms in figure 9.1 are above 204 K but 
unfortunately, due to limitations of the experimental setup, were not measured all the way to 
saturation. It would be interesting to measure adsorption isotherms for the CO2 – ZIF-8 system all the 
way to saturation outside of this range of temperatures (that is, above 204 K and below 121 K) to see 
what effects, if any, it would have on the experimentally measured data.  
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9.6 Kinetics of Adsorption 
Figure 9.4a shows linear driving force plots for select pressure plots for the isotherm at 133 K. A 
slight lengthening for the plot for point 16 at 11.3 mmols/g (open circles) can be discerned where it 
crosses over the plot for point 11. It’s possible that this slight slowing down of the kinetics is related to 
the gate opening transition in the same way as for the case of O2-ZIF-8 although here it is much less 
pronounced. The rate constant, k, calculated for point 16 from 20 to 70 minutes is 0.04 1/min. 
Comparing this to the rate constant calculated for O2-ZIF-8 of 0.006 1/min in the gate opening region 
reveals that CO2 is adsorbing much faster.  
The kinetics are summarized as usual in figure 9.4b for a fractional coverage of 0.995 which is 
essentially equilibrium. There is a clear non-monotonicity at around 10 to 11 mmols/g indicated by the 
red arrow for the three temperatures shown. This is not that dissimilar to the non-monotonicity in the 
O2 kinetic data of figure 8.6b with the exception that in the present case of CO2, the non-monotonicity is 
not as pronounced. I attempted to find wait times at different fractional coverages for CO2 but at no 
fractional coverage did the kinetic trends show a non-monotonicity any more pronounced that that 
shown in figure 9.4b. Although the CO2 kinetics are much less sensitive to the effects of gate opening 
than the O2 kinetics, it’s still plausible that the non-monotonicity is related to gate opening given that it 
occurs in the region of the peak in the isosteric heat and appears similarly at multiple temperatures. 
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(a)
 
(b)
 
Figure 9.4: Kinetics of adsorption data for select points along the 133.22 K isotherm.  
(a) LDF model plots. The point numbers correspond to the isotherm in figure 9.1 (with 
equilibrium coverage in parentheses in mmols/g) in the legend.  
(b) Time to reach fractional coverage of 0.995 for three of the temperatures. The arrow indicates 
a region of non-monotonicity which may correspond to the gate opening effect. 
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CHAPTER 10  
SUMMARY AND CONCLUSIONS 
 
Many adsorbate-substrate combinations were explored in this dissertation. CO2 – SWCNT was a 
system with a linear adsorbate possessing a permanent polarity adsorbing on a substrate with shallow 
linear pores and convex surface sites. Ethane-NH was a system with a linear molecule adsorbing on a 
very porous substrate with conical pores, convex surface sites, and a somewhat high surface area. Ar-
ONH was a system with a spherical atom adsorbing on a highly porous substrate with two different sets 
of conical porous regions, and convex/concave surface sites. O2 – ZIF-8 and CO2 – ZIF-8 were both 
systems with relatively small, linear (with CO2 possessing its permanent quadrupole moment) molecules 
adsorbing on a flexible microporous framework material with a very high effective surface area.  
 
10.1 Isotherms 
The isotherm types for all linear isotherms (coverage vs. P) from this dissertation, and c values 
for some of the isotherms, are summarized in table 10.1. Adsorption studies on the carbon materials 
(nanotubes and nanohorns) all yielded Type II isotherms. As stated in chapter 1, a Type II isotherm 
corresponds to theoretical multilayer adsorption on a planar substrate which lacks stepwise behavior 
due to the assumption in the BET theory that all layers after the first have an isosteric heat equal to the 
heat of condensation for the gas being used. Of course, none of the carbon materials used here as 
substrates were planar. The fact that they revealed Type II isotherms is likely a result of the 
inhomogeneity of binding energies felt by the adsorbates. This inhomogeneity effectively destroys any 
chance that the adsorbate will form in a stepwise behavior and thus the linear isotherms smoothly 
approach saturation after the effective monolayer is completed. The c values of table 10.1 are consistent 
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with the Type II isotherm designations. Evidently, according to the BET theory, these are all strongly 
binding systems. Otherwise they would show up as Type III isotherms with no sharp bend, and would 
have much lower c values. 
Table 10.1: Linear isotherm types based on IUPAC designations for all systems and c values for some 
systems used in this dissertation. Temperature scaled relative to the critical temperature is shown in 
parentheses next to the c values. 
 
System Isotherm Type c value (Tr) 
CO2 - SWCNT Type II 55 (0.52) 
Ethane – NH Type II 93 (0.54) 
Ar - oNH Type II 64 (0.54) 
O2 – ZIF-8 Type I - 
CO2 – ZIF-8 Type I - 
 
For the two studies on ZIF-8, linear isotherms are of Type I which indicates microporosity. No c 
values are reported for these two studies in table 10.1 because the BET linear plot intercept is negative 
and the calculation of c is not reliable. An interesting difference between the linear isotherms of O2 and 
CO2 on ZIF-8 is the derivative of the isotherm (equation 2.13) in the Henry’s Law regime. For O2, the 
derivative of the isotherm is an average of about 1300 mmols/gTorr for the isotherm at a reduced 
temperature of 0.41 while for CO2 it is only 178 mmols/gTorr at a reduced temperature of 0.44. 
Essentially, the O2 isotherm is much steeper in the Henry’s Law regime than CO2. This type of behavior in 
the Henry’s Law regime was noted by [70], when comparing O2 and Ar adsorption on ZIF-8 to CO, and 
N2. The steeper slope for O2 and Ar was attributed to the smaller sizes of those two adsorbates relative 
to CO and N2 which showed much more gradual adsorption. Effects due to polarity were ruled out as an 
explanation for the differing slopes in the low loading region based on computer simulations. It seems 
likely that something similar is happening for the current data sets of O2 and CO2 on ZIF-8 although 
effects due to the relatively large quadrupole moment of CO2 can’t be necessarily ruled out. Oxygen, 
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being the smaller adsorbate, packs more efficiently into the ZIF-8 AP structure than CO2 which leads to a 
steeper low loading region in the isotherm. 
Semi-logarithmic isotherms (coverage vs. lnP) for all the systems studied showed a wide variety 
of features. Since none of the substrates used were planar, substeps in the isotherms corresponded to 
groups of adsorption sites of similar binding energy. The degree to which substeps appeared discernible 
in the data depended largely on the morphological details of the adsorbent as well as the physical 
characteristics of the adsorbate. Isotherms of Ar-ONH for instance displayed very well defined substeps 
even though the potential felt by the argon adsorbate varies along the length of the conical regions of 
the open nanohorn aggregates. This is likely because argon is a relatively small, spherical adsorbate 
which packs efficiently into the pores. Smearing of isotherm substeps occurred to a large extent for both 
CO2 – SWCNT and Ethane – NH. For Ethane – NH this was due to adsorbate linearity and the highly 
porous and energetic inhomogeneity of the nanohorn aggregates. For CO2 – SWCNT, the smearing of the 
isotherms was largely due to the permanent quadrupole moment of CO2 since the SWCNT substrate 
displays fairly well defined binding energy sites in other cases. Many factors related to the physical 
properties of the adsorbate and the morphological details of the substrate can conspire to destroy 
substeps in adsorption isotherms, as was seen in this dissertation. 
For O2-ZIF-8, the substep corresponding to the AP structure was well defined while the substep 
corresponding to the gate opening and subsequent availability of adsorption sites in the HP structure 
was discernible to a degree which depended on the temperature of the isotherm. For CO2-ZIF-8, only the 
substep corresponding to adsorption on the AP structure was discernible while at no temperature did 
there appear a gate-opening related substep even though evidence suggests that gate-opening is likely 
taking place.  
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10.2 Effective Specific Surface Area 
Surface area measurement for all the systems studied here are summarized in Table 10.2. The 
smallest discrepancy between the two methods used (Point-B and BET) occurs for the CO2-SWCNT and 
Ethane-NH systems. These are also the two systems with the highest low coverage binding energy which 
likely occurs from adsorption in interstitial defects of the carbon material used as adsorbents. The 
largest deviation comes from the CO2-ZIF-8 system.  
 
Table 10.2: Summary of surface area measurements. Monolayer data is in mmols/g and ESSA data is 
in m2/g. Data used in the calculations were taken from isotherms in the range of roughly 0.4 to 0.54 
T/Tc. 
 Point-B Method BET Method  
System Monolayer ESSA Monolayer ESSA % Discrepancy 
CO2-SWCNT 3.7 351 3.5 327 6.8 
Ethane-NH 3 380 2.9 367 3.4 
Ar-ONH 13 1033 15.7 1248 20 
O2-ZIF-8 22 1656 18.9 1421 14 
CO2-ZIF-8 11.3 1068 6.7 633 41 
 
 
10.3 Isosteric Heat 
All of the isosteric heat plots are shown in figure 10.1 a and b. For the sake of comprehensibility, 
the plots have been scaled by their respective effective monolayers (as determined by the Point-B 
method) so they all fit on the same graph without sacrificing legibility.  
The isosteric heat plots for CO2-SWCNTs, Ethane-NH, and Ar-ONH in figure 10.1a all display a 
maximum at the lowest coverages measured. This is likely due to defects in the carbon materials which 
give rise to high binding energy adsorption sites. Ethane-NH and Ar-ONH also both show plateaus in 
their respective plots corresponding to groups of adsorption sites of similar binding energy. For Ar-ONH 
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the plateaus are quite clear and level whereas for Ethane-NH the lower coverage plateau is smeared 
out. This is due to a combination of the linearity of ethane and the spread in energy of the conical 
regions of the nanohorn aggregate. Argon packs in much more efficiently and therefore shows a more 
uniforms binding energy. CO2-SWCNTs on the other hand, does not show any clear plateaus and in fact 
displays an atypical “u” shape, the minimum of which has been attributed to the increased adsorbate-
adsorbate interactions resulting from its permanent quadrupole moment. In effect, the polarity and 
linearity of adsorbate molecules, as well as a large spread in binding energies due to the morphological 
details of the substrate wash out not only features in the isotherms, but also features in the isosteric 
heat vs. coverage plots. 
 
(a) (b) 
  
Figure 10.1: Isosteric heat vs. fraction of the effective monolayer capacity for all of the studies in this 
dissertation.  
(a) Carbon based sorbents 
(b) ZIF-8 sorbent 
 
The isosteric heat plots for O2-ZIF-8, and CO2-ZIF-8 in figure 10.1b are quite different given the 
peak which results from the gate opening process for O2 and potentially for CO2. In addition, there is no 
maximum at low coverage for either study as there are in the studies involving the carbon-based 
materials. This is perhaps due to a more uniform structure of ZIF-8 with fewer defects when compared 
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to the carbon materials. It could be argued that for the case of O2-ZIF-8, the coverage at which the 
isosteric heat was calculated simply isn’t low enough to see a low coverage maximum. However, it’s 
quite clear for the case of CO2-ZIF-8 that there is no maximum in the isosteric in the low coverage 
regime. With the exception of the peak, nowhere is the isosteric heat higher than the latent heat of 
condensation, which is not uncommon for CO2 adsorption. 
 
10.4 Kinetics of Adsorption 
I analyzed the kinetics for all the studies in this dissertation by making use of the linear driving 
force model. One way of looking at the kinetics is by analyzing the shape of the linear driving force plots. 
With the exception of the region corresponding to equilibrium (θ = 1) where the data becomes too noisy 
and sensitive to have any physical meaning, the rate of mass uptake with respect to time is reflected in 
the slope of the plots of ln(1-θ) vs. time. Larger negative slope corresponds to a faster pressure drop 
while smaller negative slope corresponds to a slower pressure drop. Therefore, while the linear driving 
force model doesn’t always provide a good fit to the data, it is nonetheless very useful in clearly showing 
how the rates of sorption change with respect to time or isotherm equilibrium coverage and fractional 
uptake, and to plot multiple data sets in one comprehensible graph. A change in the slope (or k-value) of 
the ln(1-θ) vs. time plots is likely indicative of a change in the mechanism controlling the rate of 
adsorption even if the fundamental details of such a mechanism aren’t always clear. 
In all of the systems, there is an initial sharp drop in the ln(1-θ) vs. time plots which corresponds 
to the initial opening of valve 3 and the subsequent drop in pressure as the gas in the dosing volume 
expands into the cell. In all cases, the rate of this expansion induced pressure drop increases as the 
vapor pressure increases. After this initial sharp drop, the rate of pressure drop is associated with 
sorption and/or other physical processes related to the adsorbate/substrate interactions or adsorbate 
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re-orientation. In some cases, the rate of uptake simply increases as pressure increases for the entire 
coverage range. In other cases, the rate of uptake does the opposite and decreases as pressure 
increases. The rate controlling mechanism can also change for certain fractional uptake and isotherm 
coverages. These trends were plotted for all the systems studied here. 
For CO2-SWCNTs and Ethane-NHs, the kinetics of adsorption were shown to be fairly complex 
with changes in the trends noted and speculated on in their respective sections. The Ar-ONH kinetics 
show wait times which decrease (at a fractional uptake arbitrarily close to 1) as equilibrium pressure 
increases whether temperature or coverage is held constant. This is likely a result of increasing vapor 
pressure. Also, the magnitude of the wait times for Ar-ONH are much shorter than those for CO2-
SWCNTs and Ethane-NH. The reasons for this are likely that Ar is a smaller, spherical atom without any 
sort of appreciable polarity and therefore packs more efficiently than the linear adsorbates. A direct 
comparison of wait times between these systems is difficult since the substrates are all different, 
however. For that reason, in part, Ar-ONH was compared to data from a previous experiment of the 
smaller Neon adsorbing on a different sample of oxidized (open) nanohorns where I hypothesized that 
the longer wait times for neon depended in part on the presence of small micropores only accessible by 
neon and not argon. 
The kinetic results for CO2-ZIF-8 and O2-ZIF-8 were primarily focused on the effect of gate 
opening. Plots of ln(1-θ) vs. time for these two systems (figures 8.5 and 9.4a) after a certain coverage 
have an inflection and “cross over” the plots at lower coverage. For O2-ZIF-8, the sudden slowing down 
of the kinetics is likely related to gate opening since it occurs at the same coverage as the extra substep 
in the isotherms. The rate constants were compared for both systems and revealed that CO2 adsorbs 
much faster on/in ZIF-8 in the gate opening region relative to O2 at similar reduced temperatures. This is 
another cautious comparison, however, since the pressure range is different for each system in the 
isotherm region where the k values were calculated. 
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10.5 Concluding Remarks 
The practical applications in science and engineering that depend in part on adsorption 
processes are numerous. Many of these applications have been mentioned (and some described to 
varying degrees) in relevant sections of this dissertation and include gas storage (sections 1.1 and 4.1), 
gas mixture separation (sections 1.1 and 6.1), chemical sensing (section 4.1), drug delivery (section 4.2), 
molecular filtration (section 4.1), molecular sieving (sections 4.2 and 7.6), and chemical catalysis 
(sections 4.2 and 4.3). Experimental studies of the physics of adsorption can be useful in determining the 
suitability of materials for certain applications such as those listed.  
The focus of this dissertation was the thermodynamics and kinetics of adsorption and it is clear 
from trying to understand the data that those two topics should not be studied in isolation from each 
other. The attainment of equilibrium is an important requirement in attempting to make conclusive 
explanations of the thermodynamics of adsorption and conversely, the thermodynamic properties of 
the adsorbate will play a large part in the kinetics and the attainment of equilibrium. It is at times 
difficult to give a conclusive physical explanation for such behavior from purely experimental data 
although an attempt was made in the respective sections for all of the systems presented. One definite 
conclusion, however, is that when studying the adsorption kinetics, it is important to let the system 
come to equilibrium at every isotherm point rather than imposing an insufficient wait time which might 
give misleading kinetic and thermodynamic results. In many other studies of adsorption 
thermodynamics (some of which were cited throughout this dissertation), kinetic data is either absent 
entirely or only briefly mentioned. This certainly does not invalidate those studies, but it does highlight a 
void in the published research which could be filled by more thorough studies where adsorption 
thermodynamics and kinetics are presented together.  
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